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ABSTRACT 
 
 Corn (Zea mays L.) grain in part has been used in Midwestern U.S. for bioethanol 
production; however, corn stover for lignocellulosic ethanol is gaining interest as an 
alternative source of energy. Over two years, three studies explored the biomass potential of 
tropical corn, corn adapted from tropical regions, for biomass production toward 
lignocellulosic ethanol. The first study investigated the phenology of adapted and non-
adapted tropical corn populations grown under central Iowa conditions. Field trials were 
conducted where three adapted populations (Tuxpeño, Suwan, and Tuson) and their non-
adapted counterparts were planted at three dates during the 2014 and 2015 growing seasons. 
Although the adapted populations yielded more grain and had earlier reproductive 
development, non-adapted populations had 22% greater total biomass and 43% greater non-
grain biomass, were taller, and showed greater vegetative development. Results of the first 
study suggest that non-adapted populations have a high potential as bioenergy feedstock 
when grown under Iowa conditions. The second study evaluated the biomass production and 
composition of temperate and tropical corn using a defined set of management practices. 
Additional field trials were established using six hybrids of different relative maturities 
planted with two plant densities, two row spacings, and two levels of nitrogen fertilization. 
The measurements included: (a) total biomass, height at the final leaf collar, and stem 
diameter at one meter above ground; (b) protein, oil, and starch concentrations in grain; and 
(c) lignocellulose, ash, and nitrogen concentrations of non-grain tissues. Temperate corn had 
greater grain yield, grain starch and matured earlier, as well as greater cellulose, lignin, and 
ash concentrations in non-grain tissues. However, tropical corn were taller and had greater 
xi 
 
 
non-grain biomass and 15% greater total biomass than temperate corn. Row spacing affected 
biomass yield: the narrower the rows, the greater the biomass. Nitrogen fertilizer rate 
affected grain and feedstock composition: the lower the rate, the higher the grain starch and 
lignocellulose composition. Lastly, the third study evaluated the growth, light interception, 
and nitrogen concentration of temperate and tropical corn during the middle of the growing 
season using a set of management practices oriented towards biomass production. The same 
field trials as the second study were used but at one level of nitrogen. Leaf area index (LAI), 
height at the final leaf collar, biomass, and nitrogen concentrations were measured. Using 
narrower rows, both temperate and tropical corn were taller, had greater stem and leaf 
nitrogen concentrations, and showed greater biomass accumulation, especially beyond 100 
days after planting. Leaf nitrogen concentration decreased linearly for leaves through the end 
of the growing season, with the steepest decrease in temperate corn at later harvests due to 
nitrogen relocation. Tropical corn had greater LAI, plant height, and biomass than temperate 
at mid growing season, which continues through the season until final harvest. Overall, 
tropical corn proved to have good potential for use as a bioenergy feedstock for ethanol 
production.
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CHAPTER I 
 GENERAL INTRODUCTION 
Tropical corn has been reported as a candidate crop in double-crop systems with cool-
season annual grasses for grain yield and silage (King et al., 1972; Cuomo et al., 1998; 
Heggenstaller et al., 2009). Previous studies indicated tropical corn has a great potential to 
achieve high total biomass yields under summer day lengths in temperate regions (Pulam, 2011).  
The potential of tropical genotypes has been evaluated mainly for grain production. 
Relative yields of tropical corn have been determined under Iowa growing conditions as a 
potential source of corn germplasm. Nevertheless, the grain yields have fallen short of 
conventional U.S. Corn Belt hybrids. Additionally, there are other features detrimental to grain 
yield such as high grain moisture at harvest, later flowering, and taller plants (King et al., 1972; 
Oyervides-Garcia et al., 1985; White et al., 2011). Tropical germplasm, however, has been 
adapted as a source of potential germplasm for Iowa conditions (Hallauer, 1999). 
The features of tropical germplasm are not acceptable under temperate environments 
from a grain yield perspective because of high moisture at harvest and low grain yield. Taller and 
more vigorous plants with thick stems and longer leaves could be very attractive from a biomass 
yield standpoint; i.e. biofuel/ethanol production (Chen et al., 2013). The comparison between 
tropical corn and their adapted strains with a focus on biomass production has not yet been 
explored under Iowa day length conditions. Such a study will provide practical results with an 
emphasis on bioenergy crops.  
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It is relevant to identify management practices to maximize productivity of bioenergy 
crops such as corn and sorghum cane. For instance, one trait that is influenced by management 
(e.g. planting rate or row spacing) is the canopy architecture, which might be optimized for grain 
as well as biomass. Most studies on corn have focused on optimizing management practices for 
maximizing grain yields, while little to no research has been done on the effects of plant 
arrangements on biomass production for forage or bioethanol utilization.  
The goal of this research was to evaluate production aspects of diverse corn genotypes for 
biomass production in Iowa (Fig. 1.1). To achieve the research goal, three studies were carried 
out each within this specific focus. The first objective was to investigate the adaptability of 
introduced tropical populations by means of studying crop development (Fig. 1.1, Chapter 3). 
For grain production, a corn genotype should complete the crop cycle (i.e. reach physiological 
maturity), but for biomass production, however, other criteria are important as well, like shoot 
biomass quantity and quality. The main hypothesis behind the first objective is that tropical 
genotypes have a higher sensitivity to photoperiod than the adapted ones, and therefore, in 
northern environments (i.e. Iowa with latitude of 42oN) the flowering time will be delayed, 
conferring greater biomass yields.  
The second and third objectives were associated with biomass production and quality 
aspects. The effect of management practices, like plant arrangement (plant density and row 
spacing) and genotype choice on light interception, crop growth, biomass production, and quality 
were investigated (Fig.1.1, Chapters 4 and 5). It was hypothesized that the optimum plant 
arrangement for biomass production might be different from the optimum plant arrangement 
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commonly applied for grain production. Also the tropical corn germplasm might produce greater 
biomass and ethanol yield compared to the local hybrids. 
A potential outcome from this research is to incorporate in a near future the information 
gained from Chapters 3, 4, and 5 into a process-based model (APSIM) and to use the calibrated 
model to conduct scenario studies towards exploring further corn genotypes adaptability and 
productivity in Iowa (Fig. 1.1).  
To achieve these objectives, two field experiments were conducted: one for the 
phenology and one for the growth and biomass production study.  For the first study, a factor 
experiment was established with three replications. The main factor was planting dates (May 7th, 
2014, May 20th, 2014, June 3rd, 2014; and May 13th, 2015, May 27th, 2015, June 3rd, 2015) and 
the sub-factor was corn population (Non-adapted tropical corn populations with their adapted 
tropical strains). At the end of the experiment, biomass production and quality was evaluated as 
well. The genotypes chosen were Tuxpeño, Suwan, and Tuson.  The adapted populations had 
undergone five cycles of selection while the non-adapted populations were seed from cycle one 
(Fig.1.1, Chapter 3). For the second study, a factorial experiment was established with four 
replications. The main factor was the plant arrangement at four levels (i.e. 38 cm -100,000 plants 
ha-1, 76 cm -100,000 plants ha-1, 38 cm -120,000 plants ha-1, and 76 cm -120,000 plants ha-1), 
and the subfactor was the six different relative maturities (RM) hybrids (i.e. 104 RM, 110 RM, 
114 RM, 120 RM were temperate corn and two different 130 RM tropical corn). Seeds were 
provided by DuPont Pioneer (Juan Pablo San Martin, personal communication), the 
measurements were collected destructively, and both experiments were conducted for two years. 
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Objectives 
The overall goal of this research was to evaluate production aspects of diverse corn 
germplasm for biomass production in Iowa (Fig. 1.1). To achieve this research goal, three studies 
were carried out. The first objective was to investigate the adaptability of tropical populations by 
means of studying crop development (Fig. 1.1; chapter 3).  
The second and third objectives were associated with biomass production and quality 
aspects. The influence of management practices like plant arrangement (plant density and row 
spacing) and germplasm choice on light interception, crop growth, biomass production, and quality 
were investigated, as well as total biomass and feedstock composition (Fig. 1.1; chapter 4 and 5). 
Dissertation Organization 
The dissertation is organized into seven chapters. The first chapter provides an overview 
of the contents and organization of the dissertation following by the explicit explanation of 
objectives and organization of the dissertation. The second chapter dives into a review on corn-
based lignocellulosic biomass production. This chapter compiles a literature review of tropical 
corn as used for ethanol production, the current use of corn in Central Iowa and U.S., and a 
review of growth, developmental, and productivity aspects of corn production. 
The third chapter is called “Phenology of Adapted and Non-Adapted Tropical Corn 
Populations in Central Iowa”. Submitted to Agronomy Journal. 
The fourth chapter is called “Biomass Production and Composition of Temperate and 
Tropical Corn in Central Iowa”. To be submitted to Agronomy Journal.  
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The fifth chapter is called “Growth and Light Interception of Temperate and Tropical 
Corn in Central Iowa”. To be submitted to Crop Science. 
The sixth chapter contains the general conclusions regarding the three main manuscripts. 
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CHAPTER 2 
LITERATURE REVIEW 
Bioenergy Demands, Alternative Feedstock, and Knowledge Gap on Biomass Corn 
Corn is the most extensively crop grown in the United States (U.S.) with around 80 
million acres of land planted with corn (Pulam, 2011). Corn is grown for multiple purposes, but 
mainly for grain. However, it is also grown for silage and biomass. Corn biomass for ethanol 
production is gaining particular attention as an alternative and renewable energy source. Exotic 
corn sources, such as tropical corn, might produce twice the biomass of grain corn, producing 
about 20 metric tons of biomass ha-1 (Chen et al., 2013). Even though commercial corn has been 
used for ethanol production, tropical corn theoretically has a 25% greater combined yield of 
sugar and lignocellulosic ethanol, making it a potentially cost-effective alternative in coming 
years (Chen et al., 2013). 
In the U.S., corn is the main feedstock for ethanol production. Annual production has 
attained about 13.2 billion gallons of corn ethanol in the U.S. and is continuing to increase 
(Service, 2010; Chen, et al., 2013). Around 13 billion bushels of grain were produced in 2009, 
and 4% of the grain was used to produce ethanol. According to Somerville (2010), 
approximately 50 gigaliters more ethanol could have been produced if half the possible stover 
had been processed into ethanol for that season instead of relying entirely on grain.  
Different crops with photoperiod sensitivity or late maturation, such as sorghum cane, are 
known to excel in biomass production (Goff et al., 2007). Additionally, germplasm of tropical 
origin is more sensitive to day length than those adapted to temperate conditions (Bonhomme et 
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al., 1994; Pulam, 2011). In terms of potentially valuable sources for biomass production, 
previous studies indicate that photosynthetically efficient C4 crops are good candidates for 
obtaining lignocellulosic biomass (Pulam, 2011; White, et al., 2011). 
Teosinte, the ancestor of corn that is prevalent in tropical Latin American regions, 
originally evolved photoperiod sensitivity to coordinate its reproductive stages to shorter day 
lengths and wetter conditions. After domestication to temperate regions, Teosinte acquired 
adaptation to longer day lengths. This process generated a substantial distinction between 
tropical and temperate corn at the genetic level, becoming identified by the reduced photoperiod 
sensitivity of temperate corn (Coles et al., 2010; Pulam, 2011; White et al., 2011). 
Attempts to broaden the genetic base of temperate germplasm, addressing performance in 
early silking and grain yield, have generated the search for exotic and non-adapted germplasm. 
These corn populations were not only evaluated as temperate germplasm in tropical regions, but 
also analyzed as tropical germplasm in temperate regions (like central Iowa conditions) 
(Oyervides-Garcia et al., 1985; Hallauer, 1999; Whitehead et al., 2006).  
The characteristics found for tropical corn grown in temperate regions are increased plant 
height, greater total leaf number, and comparatively higher grain moisture than adapted corn. 
Moreover, tropical germplasm exhibits delayed flowering; it has been particularly found in 
several studies that corn varieties adapted to 12 to 14 h day lengths flowered later under longer 
days of about 14 to 16 h, representative of temperate regions (King et al., 1972; Oyervides-
Garcia et al., 1985; Coles et al., 2010). Accordingly, in Central Iowa, the tropical populations 
introduced had from 15 to 21 days delayed grain development compared to adapted cultivars 
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(Hallauer, 1999). For instance, King et al. (1972) reported a difference between average mid-silk 
date of 12 days between adapted and non-adapted Tuxpeño populations. 
This delay in the stages of development has effects on growth, and specifically on grain 
yields. The reduction in grain yield and number of grains per corn plant is related to the length of 
the interval between anthesis and silking (ASI) (Edmeades et al., 1993).  Edmeades et al. (1993) 
found a 90% reduction in grain corn yields when the ASI changed from 0.4 to 10 days. Delayed 
silking would lead to non-grain biomass at the expense of grain yield (Pulam, 2011). According 
to White et al. (2011), tropical corn has reduced grain formation brought about by the 
accumulation of high amounts of extractable stalk sugar (sucrose, glucose, and fructose).  
Therefore, delayed flowering corn genotypes such as tropical corn would compensate the 
reduction of grain with more biomass (King et al., 1972; Pulam, 2011; Chen et al., 2013).   
Reported research results show that delayed flowering is antagonistic for grain 
production. Corn has been historically cultivated mainly for grain, and all fertilization and water 
recommendations have been developed for this purpose. Little emphasis has been given to corn 
biomass production. Consequently, the requirements for vegetative growth production centered 
on biomass have not been studied in depth (Carpita and McCann, 2008). Studies on biomass 
production focusing on phenology, canopy architecture, and growth and development of corn are 
required to increase the knowledge base of this crop and its potential for ethanol production. 
Pulam (2011) suggested that corn with “delayed shoot maturation” produces relatively 
greater total biomass yield under nitrogen (N) deficiencies, which is not the case for corn grown 
for grain. Comparing tropical × temperate and commercial corn hybrids, literature reports 
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relatively higher biomass and sugar for the former, even requiring half the N fertilizer that U.S. 
corn hybrids need (White, et al., 2011; Chen, et al., 2013). Similar outcomes have been 
suggested in terms of row spacing and plant densities; plant arrangement for grain yield might 
vary in respect to biomass production, as the optimum N fertilization for grain yield might vary 
relative to N fertilization for biomass yields. Cox and Cherney (2001) have stated that higher 
plant densities in silage corn may increase dry matter yield at harvest because of the 
maximization of Leaf Area Index (LAI) at silking, and the same responses may occur in biomass 
corn. 
A greater number of plants per area would increase corn biomass production. Allocation of 
photosynthates has the same importance as photosynthesis in the growth, development, and 
productivity of the crop. Photomorphogenic light given by far-red light (FR) reflected from other 
plants and FR in ratio with red light (R) impacts phytochromes in the growing plants, mostly by 
regulating partitioning and morphological adaptation (Kasperbauer and Karlen, 1994). 
Green tissue of plants and seedlings mostly absorb R light and reflect much of the FR light 
when seeds are planted closer together in a canopy. This is not only due to plant density, but also 
due to row spacing; they receive relatively more reflected FR light, and a higher FR/R ratio. This 
higher FR/R ratio has been associated with the development of longer and narrower leaves, 
longer stems, larger shoot size, less massive roots, and increased shoot/root biomass ratio for 
corn seedlings (Kasperbauer and Karlen, 1994).  
Relatively lower densities in corn might be recommended for grain production not only for 
ear placement, but also for reducing lodging potential (King et al., 1972; Cuomo et al., 1998).  
11 
 
 
 
 
 
 
Relatively higher densities and closer row spacing reduce ear placement, and at the same time, 
might increase dry matter and biomass yields, potentially desirable conditions for the biomass 
production of corn (Cox and Cherney, 2001).   According to Cuomo et al. (1998), as plant 
density increases, the sink relationship for grain/stem would change nearly linearly favoring stem 
concentration. This was interpreted by the authors as higher plant densities being desirable for 
forage; consequently, higher densities are expected to be the path for biomass production. 
The appropriate balance of plant arrangement, defined as row spacing and plant density, 
between biomass accumulation and lodging potential is key for defining a preferable 
arrangement in tropical corn. Oyervides-Garcia et al. (1985) reported that tropical corn shows 
resistance to stalk lodging, which might be associated with thicker stems and more biomass. In 
contrast, tropical corn was reported to be more susceptible to root and stem lodging, in part due 
to its stature and higher weight.  
Relatively higher plant densities in corn have been associated mainly with greater forage 
mass harvested and potentially with biomass production (Cuomo et al., 1998; Cox and Cherney, 
2001). Lower densities in corn are considered more for grain production (Wilhelm et al., 2011). 
Nevertheless, these effects have not been evenly compared for different relative maturity hybrids 
and tropical corn for biomass production. 
Corn as a C4 crop is potentially a valuable source of lignocellulosic biomass (Pulam, 2011; 
White, et al., 2011), and theoretically might have a promising potential for biomass productivity 
by means of two approaches. First, expanding the duration of photosynthesis in cropping 
systems, by using tropical germplasm under temperate day length will result in delayed silking 
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and larger plant size, among other advantages (Heggenstaller et al., 2009). Secondly, corn for 
biomass use could have fewer input requirements. Agronomics in terms of row spacing, plant 
density, and N fertilization are to some extent not well established for corn biomass yield, but 
rather, are optimized for grain yield. They might not be the same for optimum biomass yield. 
Management of corn for biomass could eventually be either more convenient or less expensive, 
as suggested by White et al. (2011). This idea deserves further investigation. 
Growth and Development 
Growth can be defined in terms of dry matter (DM) accumulation. Since growth builds 
upon itself, the DM of overall vegetative components typically presents a sigmoidal-type 
behavior or “S-shaped response” curve in relation to time in days or growing degree days 
(Abendroth et al., 2011). 
Even though there is a direct proportionality between growth and biomass production, 
development needs to be considered because the type and number of plant structures also dictate 
the biomass potential of a crop. Nevertheless, this does not necessarily mean that the later the 
stage of development, the higher the biomass production. The vegetative period is especially 
relevant for tropical corn because during this period it accumulates more dry matter in stalks and 
leaves prior to reproductive development.  
Corn plants can be divided into ten anatomical components for analysis of DM content. 
These are leaf, node, rind, pith, cob, grain, husk, shank, tassel, and ear shoots (King et al., 1972). 
King et al. (1972), when studying plant component yields of non-adapted and adapted tropical 
corn, divided the plant into six parts for analyzing DM accumulation, as shown in Fig 2.2. In 
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addition, for examining growth, plant components were placed into five groups: 1) stalk and leaf 
sheaths; 2) leaf blades; 3) tassel; 4) shank, husk leaves, and cob; and 5) grain. Groups one and 
two are the vegetative components, and groups three, four, and five form part of the reproductive 
components (Abendroth et al., 2011). 
Stalk and leaf sheaths accumulate the greatest amount of dry matter as compared to other 
vegetative components, reaching maximum accumulation by reproductive stage 2, also called R2 
or blister, at approximately 73 in the BBCH scale (Table 2.1) (Abendroth et al., 2011). After R2, 
the amount of stover DM does not significantly increase because the vegetative development is 
complete. 
The amount of DM from vegetative components subsequently initiates decay as a 
consequence of translocation to reproductive components, such as kernels. Leaf blades keep their 
maximum DM until physiological maturity, also called R6; afterwards, they senesce. According 
to an analysis of biomass production for corn, depending on environmental conditions, the 
maximum crop growth rate in Iowa would generally occur in a range of 6 to 8 weeks after 
planting, and would decline until the time of harvest (Heggenstaller et al., 2009).  
There are several scales for defining stages of development.  The leaf collar method (LCM) 
uses mainly visual indicators for both staging vegetative (designated with a V) and staging 
reproductive (designated with an R) development. The former stages (V), are defined by the 
current number of collared leaves, while R is defined by visual indicators of kernel development 
(Abendroth et al., 2011; Ransom, 2013).  Each stage of development occurs when 50% or more 
of the plants exhibit the visual indicators of a specific stage. Emergence is defined as the stage 
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when at least 50% of the planted seeds have emerged above the soil surface, and physiological 
maturity occurs when at least 50% of randomly selected ears of the sample present maximum 
starch filling (Tsimba et al., 2013). 
Another widely-used scale for measuring development for several crops is the BBCH, 
which has a specific scale for corn (Table 2.1). There are other widely-used scales that are based 
on crop type, such as LCM. For the LCM, vegetative stages are labeled with a “V” followed by 
numbers that correspond to the number of leaves; most Corn Belt hybrids produce around 19 to 
20 leaves (except VE and VT, corresponding to emergence and tasseling, respectively). This 
number may vary by genotype, planting date, and location.  The reproductive stages are labeled 
with an “R” trailed by numbers 1 to 6 (Abendroth et al., 2011). 
The main vegetative stages for this method are: VE-emergence, V1-first leaf, V2-second 
leaf, V3- third leaf, Vn-nth leaf, and VT-tasseling. The main reproductive stages are: R1-silking, 
R2-blister, R3-milk, R4-dough, R5-dent, and R6-physiological maturity (Ransom, 2013). 
Specific descriptions of each stage for the LCM are explained by Abendroth et al. (2011). 
The development rate can be altered by several factors (i.e. photoperiod, soil moisture, 
solar radiation and fertility). Furthermore, temperature is considered the main driver for this rate 
(Stewart et al., 1998). Corn phenology and thermal time have been extensively reported as 
closely related, particularly for the vegetative stages (Kumundini et al., 2014; Nielsen et al., 
2002).  
Temperature response studies are directed mainly at the vegetative stages. According to the 
literature, temperature has poor predictability during reproductive stages because R is impacted 
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by both the duration of ASI and the variation with thermal environments, among other factors 
(Kumundini et al., 2014; Stewart et al., 1998). 
The length of the vegetative period of corn in thermal time is reported by Tsimba et al. 
(2013) in a study of the effects of planting date, where values of 830 and 890 GDD for the latest 
and the earliest planted were reported. According to the study, the planting date showed an effect 
on the emergence-flowering duration, as well as on corn development and phyllochron length 
(Tsimba et al., 2013). In addition, Martin et al. (2007) reported the effects of the planting date on 
the growth and development of sweet corn. The planting date could affect the completion of the 
whole corn development, such as grain maturation, because it effectively shortens the growing 
season for corn (Nielsen et al., 2002). 
Phenology 
Phenology is the science that studies how climate factors relate to the life cycles of living 
beings. Planting dates and environmental conditions determine the duration of the stages of 
development of corn (Tsimba et al., 2013).  Phenology of the vegetative stages is mainly driven 
by leaf appearance; for instance, leaf number depends on factors like temperature, incident 
photosynthetically active radiation (IPAR) and water stress. 
Growing degree days (GDD) is described in the literature not only as a hybrid maturity 
descriptor, but also primarily as a useful tool to predict phenology more precisely than a day-
based (chronologic) system (Kumundini, et al., 2014; Nielsen, et al., 2002). Study of GDD is 
very useful for corn, because corn development is mostly driven by temperature; however, a 
group of critical stages might be discretely depicted by this method, such as silking. 
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Relative to the heat unit concept, the AgMIP global project compares different models for 
phenology. It determined that the heat unit approach is not necessarily the most precise for all 
environmental inputs, or for all stages within the growing season. One outcome from the AgMIP 
project is that the corn heat unit approach works well until flowering, but from flowering to 
physiological maturity it does not do as well (Kumundini et al., 2014). 
There are different ways of analyzing phenology based on temperature which can present 
an alternative to heat units in terms of precision. The prediction of corn development for both the 
vegetative and the reproductive stages might be improved by evaluating several temperature 
response functions (Stewart et al., 1998; Kumundini et al., 2014).  
Furthermore, studies of phenology about genotypes with relative maturities and 
temperature have been done. Stewart et al. (1998) conducted a study of temperature response for 
vegetative and reproductive periods using hybrids of 75 and 115 relative maturities grown at two 
locations (Stewart et al., 1998). These studies have practical implications for germplasm 
selection; therefore, relative maturity is useful for appropriately placing a corn hybrid within a 
target environment (Tsimba et al., 2013). Nevertheless, the absolute number of relative maturity 
is not a phenological or phenotypic descriptor of the number of days of corn from planting to 
flowering (Abendroth et al., 2011). 
Plant Arrangement 
Plant arrangement is the combination of the row spacing and the plant density. These factors 
have the potential to impact phenology and morphology, and ultimately, biomass production. 
First, as discussed above, the optimum row spacing for corn biomass production is not well-
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known. Some approaches have been done mostly for corn silage and grain yield, but limited 
information is reported in tropical corn for biomass production (Cox and Cherney, 2001; Shapiro 
and Wortmann, 2006). Edmeades et al. (1993) studied the causes of silk delay in tropical corn 
populations, using row spacing of 76 cm for plants of Tuxpeño Sequía for their experiment. 
Furthermore, a study of flowering of diverse corn in relation to temperature and photoperiod was 
implemented with a row spacing of 80 cm (Bonhomme et al., 1994). An experiment was 
conducted by King et al. (1972) on yield for an adapted and non-adapted tropical corn using 30 
cm rows for a Tuxpeño population. 
Several studies have been conducted to determine the optimum row spacing for grain yield 
and silage production. A study comparing 51 and 76 cm row spacings in eastern Nebraska 
revealed that corn had a 4% increase in grain yield over 3 years for the narrower row spacing as 
compared with the conventional 76 cm (Shapiro and Wortmann, 2006). In addition, the row 
spacing effect of 38 and 76 cm was evaluated for corn silage near Aurora, NY (Cornell 
University research farm), which reported a 7.5% increase for dry matter yield from 38 cm as 
compared with the standard 76 cm (Cox and Cherney, 2001). 
Plant density influences morphological traits. Corn is sensitive to variations in plant density 
for grain yield (Sangoi, 2000) and might also be sensitive for biomass production. Plant density 
studies for corn biomass production has not been commonly researched. Research has been 
performed primarily on corn silage, but little information is reported for tropical corn grown for 
biomass production (Cox and Cherney, 2001; Shapiro and Wortmann, 2006). However, Pulam 
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(2011) reported on the effect of shoot maturation on total corn biomass. Plant densities of 69,000 
and 100,000 plants ha-1 were used; biomass was favored by the higher density.  
For plant density studies concerning grain yield, several target densities have been tested, 
considering around 62.8, 74.2 and 86.5 thousand plants ha-1 as low, medium, and high plant 
densities respectively (Shapiro and Wortmann, 2006). In addition, low densities have been used 
in forage quality studies (Cuomo et al.,1998). Nevertheless, for silage production, the preferred 
densities considered are greater than for grain yield, with densities in a range of 80 to 116 
thousand plants ha-1 (Cox and Cherney, 2001).  
As discussed above, relatively higher corn plant densities have been associated principally 
with higher forage mass harvested and potentially with greater total biomass yields (Cox and 
Cherney, 2001; Cuomo et al., 1998; Pulam, 2011).  
Photoperiod Sensitivity and Relative Maturity  
 
The photoperiod adaptation of corn for biomass production has not been studied. The 
tropical germplasm adapted for Central Iowa conditions inherits its importance from its role in 
tropical corn breeding programs (Hallauer, 1999).  These germplasms include Tuxpeño, Suwan-
1, and Tuson, whose cycles of adaptation vary according to the population and origin (Hallauer, 
1999). These germplasms are different in their photoperiod responses, early flowering, relative 
grain yield, plant and ear height, tassel size, and incidence of root and stalk lodging (Hallauer, 
1999).  
With different relative maturities and photoperiod sensitivity, the phenology and 
productivity varies; the greater the relative maturity, the greater the photoperiod sensitivity. The 
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relative maturity varies between adapted and non-adapted corn. The RM of 120 to 125 could be 
associated with non-adapted, and 105 to 110 for adapted. Tuxpeño is reported to differ in 12-21 
days between adapted and non-adapted counterparts (King et al., 1972). 
There is a relationship between photoperiod sensitivity and relative maturity. Photoperiod 
sensitivity is defined by the response to light for the flowering initiation. There is corn 
germplasm with greater relative maturities that are not photoperiod sensitive. However, the high 
relative maturity tropical germplasm considered in this study were photoperiod sensitive, 
meaning they had to meet a day-length requirement (about 12 h for tropical corn) to initiate 
flowering. If this requirement is not met, they present a delay in flowering and have greater 
relative maturity which was the case for the tropical corn in this study.  
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Table 2.1. BBCH scale for phenological growth stages of corn. Taken from Meier (2001).   
Code Description  
Principal growth stage 0.  
00 
01 
03 
05 
06 
 
07 
09 
Germination  
Dry seed (caryopsis) 
Beginning of seed imbibition 
Seed imbibition complete 
Radicle emerged from caryopsis 
Radicle elongated, root hairs and/or side 
roots visible 
Coleoptile emerged from caryopsis 
Emergence: coleoptile penetrates soil 
surface (cracking stage) 
Principal growth stage 1. 
10 
11 
12 
13 
1. 
19 
Leaf development 
First leaf through coleoptile 
First leaf unfolded 
2 leaves unfolded  
3 leaves unfolded 
Stages continuous till…  
9 or more leaves unfolded  
Principal growth stage 3. 
30 
31 
32 
33 
3. 
39 
Stem elongation 
Beginning of stem elongation 
First node detectable 
Second node detectable 
Third node detectable 
Stages continous till… 
9 or more nodes detectable 
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Table 2.1. continued.  
Principal growth stage 5. 
51 
 
53 
55 
 
59 
 
Inflorescence emergence, heading 
Beginning of tassel emergence: tassel 
detectable at top of stem  
Tip of Tassel visible 
Middle of tassel emergence: middle of 
tassel begind to separate 
End of tassel emergence: tassel fully 
emerged and separated 
Principal growth stage 6. 
61 
 
63 
 
65 
 
67 
 
69 
Flowering, anthesis 
Male: stamens in middle of tassel visible 
Female: tip of ear emerging from leaf 
shealth 
Male: beginning of pollen shedding 
Female: tips of stigmata visible 
Male: upper and lower parts of tassel in 
flower 
Female: stigmata fully emerged 
Male: flowering completed 
Female: stigmata drying 
End of flowering: stigmata completely 
dry 
Principal growth stage 7. 
71 
 
73 
 
 
Development of fruit 
Beginning of grain development: kernels 
at blister stage, about 16% dry matter  
Early milk 
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Table 2.1. continued. 
 
75 
 
 
79 
 
 
Kernels in middle of cob yellowish-white 
(variety-dependent), content milky, about 
40% dry matter 
Nearly all kernels have reached final size 
Principal growth stage 8. 
83 
 
85 
 
87 
 
89 
Ripening 
Early dough: kernel content soft, about 
45% dry matter 
Dough stage: kernels yellowish to yellow 
(variety dependent), about 55% dry matter 
Physiological maturity: black dot/layer 
visible at base of kernels, about 60% dry 
matter 
Fully ripe: kernels hard and shiny, about 
65% dry matter 
Principal growth stage 9. 
97 
99 
Senescence 
Plant dead and collapsing 
Harvested product 
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Fig. 2.2. Plant of corn showing 19 sections and 6 divisions. Taken from King et al. (1972) 
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CHAPTER 3 
 PHENOLOGY OF ADAPTED AND NON-ADAPTED TROPICAL  
CORN POPULATIONS IN CENTRAL IOWA 
A manuscript submitted to Agronomy Journal 
Infante, P.A., K.J. Moore, P. Scott, S. Archontoulis, A.W. Lenssen, and S. Fei 
Abstract 
Biofuel production in the Midwestern U.S. has largely focused on corn (Zea mays L.) 
grain for ethanol production and more recently, corn stover for lignocellulosic ethanol. Tropical 
corn refers to corn adapted from tropical regions. Growing tropical germplasm in temperate 
environments is not attractive for grain yield, but shows promise for biomass production through 
taller and more vigorous plants with thick stems and long leaves. The comparison between 
tropical corn populations and their temperate adapted counterparts with a focus on biomass 
production has not yet been explored under Iowa growing conditions. This study characterizes 
the adaptation of the populations by means of studying crop development and could lead to 
developing genotypes with heightened biomass productivity. Therefore, field trials were 
established in central Iowa during the 2014 and 2015 growing seasons.  Adapted and non-
adapted versions of three populations, Tuxpeño, Suwan, and Tuson, were planted at three dates 
to evaluate their phenology and potential for biomass production under Midwestern U.S. 
conditions. Plant height correlated well with vegetative development and total biomass. Adapted 
tropical corn performed better for grain yield and grain development, while non-adapted tropical 
corn performed better for vegetative development and biomass yield. Non-adapted tropical corn 
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flowered later, had 22% greater total biomass on average (4.6 Mg ha-1 greater than adapted), and 
had 43% greater non-grain biomass on average, up to 20 Mg ha-1 (6 Mg ha-1 greater than 
adapted), while adapted populations yielded more grain. Non-adapted tropical corn has a high 
potential as feedstock for Gen2 biofuels in central Iowa. 
ABBREVIATIONS 
ASI, Anthesis Silk Interval; DMY, Dry Matter Yield; GDD, Growing Degree Days; 
LCM, Leaf Collar Method; R, Reproductive; V, Vegetative. 
Introduction 
Corn (Zea mays L.) from tropical regions flowers later when grown at temperate latitudes 
than when grown at tropical latitudes. It continues vegetative growth longer and may therefore 
accumulate more biomass. The potential of tropical corn has been evaluated mainly for grain 
production (King et al., 1972; Ovyervides-Garcia et al., 1985; Edmeades et al., 1993; Pulam, 
2011). Due to lower grain yields compared to U.S. Corn Belt hybrids, tropical populations have 
been adapted to be a better source of germplasm for U.S. Corn Belt conditions (Hallauer, 1999; 
Teixeira et al., 2015).  
Tropical corn populations adapted to central Iowa conditions include Tuxpeño, Suwan, 
and Tuson. For the Tuxpeño adaptation, Hallauer (1994) formed a composite with three sources 
from Mexico (one short plant height, one “Puccinia sorghi resistant”, and one early flowering 
tropical population). For the Suwan adaptation, Hallauer (1994) used a population developed in 
Thailand and selected in it for early flowering. For the Tuson adaptation, Hallauer and Carena 
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(2016) used accessions provided by Major Goodman at North Carolina State University in 
Raleigh, NC, collected from Brazil and Cuba, forming the original composite. 
The Tuxpeño, Suwan, and Tuson populations described above were each bulked and 
grown in isolation (>220 m for Tuxpeño and Suwan, 200 m for Tuson), allowing interpollination 
in the plot. After isolated growth, a repeated selection protocol described by Hallauer (1994) and 
Hallauer and Carena (2016) followed. The fifth selection cycle (C5) had an acceptable maturity 
for temperate environments in Tuxpeño and Suwan (Hallauer, 1994), and the eleventh selection 
cycle (C11) in Tuson had acceptable maturity (Hallauer and Carena, 2016). Bulk seeds from the 
fifth cycle of selection in Tuxpeño and Suwan were planted in isolation; a sample of 1,000 ears 
was harvested, and then 100 seeds of each ear formed the bulk population released as BS28 for 
Tuxpeño and BS29 for Suwan (Hallauer, 1994); likewise, the eleventh cycle of Tuson formed 
BS39 (Hallauer and Carena, 2016). The “B” in the registration is the national identifier of lines 
from Iowa, and the “S” indicates it is a synthetic population. All original and mass-selected 
cycles (C0 to C5 for Tuxpeño and Suwan; C0 to C11 for Tuson) were evaluated at five Iowa 
locations to verify the effect of the selection made by early flowering, measuring differences in 
silk emergence, anthesis silking interval (ASI), grain yield, height, and lodging (Hallauer, 1999; 
Hallauer and Carena, 2016). Research on the possible use of adapted and non-adapted tropical 
corn for biomass is necessary to realize the full potential of these populations. 
Compared to adapted germplasm, non-adapted tropical populations under temperate 
conditions have extended phyllochron intervals, longer growth cycles, greater sensitivity to 
photoperiod, greater total leaf number, delayed flowering, later physiological maturity, and 
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higher grain moisture at harvest (King et al., 1972; Oyervides-Garcia et al., 1985; Hallauer, 
1999; Coles et al., 2010). The features of tropical germplasm produced in temperate 
environments are well-known to be unacceptable from a grain yield perspective. However, taller 
and more vigorous plants with thick stems and longer leaves, as found in tropical corn, could be 
attractive from a biomass yield standpoint (Chen et al., 2013). Several studies positively relate 
morphometric measurements such as height to vegetative growth and forage biomass (Freeman 
et al., 2007; Pordesimo et al., 2004). 
Delayed flowering in tropical corn grown in temperate regions has been found in several 
studies (King et al., 1972; Oyervides-Garcia et al., 1985; Coles et al., 2010). Corn populations 
adapted to 12 to 14 h day-lengths flowered later under longer day-lengths (14 to 16 h), 
representative of temperate regions (King et al., 1972; Oyervides-Garcia et al., 1985; Coles et al., 
2010). Additionally, introduced tropical populations had 15 to 21 days of delay in grain 
development compared to populations adapted to Iowa environments (Hallauer, 1999). 
Furthermore, King et al. (1972) reported a difference of 12 days between adapted and non-
adapted strains in average mid-silk date for Tuxpeño. 
The delay in development affects growth and grain yield. The reduction in grain yield 
and number of kernels per ear is related to the length of the ASI (Anthesis-silking interval or silk 
delay) (Edmeades et al., 1993).  Edmeades et al. (1993) found a 90% reduction of grain yield 
when the ASI changed from 0.4 to 10 days. Delayed flowering and more specifically delayed 
shoot maturation could lead to the accumulation of more vegetative growth at the expense of 
grain yield (Pulam, 2011). According to White et al. (2011), tropical corn has reduced grain 
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formation because it accumulates a large amount of extractable sugar, primarily sucrose, glucose, 
and fructose, in the stalk. Furthermore, corn germplasm with delayed flowering, as found in 
tropical corn, would compensate for the reduction of grain with more vegetative biomass (King 
et al., 1972; Pulam, 2011; Chen et al., 2013).  
Reported results show that delayed flowering, such as found in non-adapted tropical corn, 
was antagonistic to grain production (King et al., 1972; Pulam, 2011; White et al., 2011; Chen et 
al., 2013). However, even if corn has been historically cultivated mainly for grain, and all 
fertilization and water recommendations have been calculated for this purpose, biomass 
accumulation in tropical corn may be useful for bioenergy, meaning studying corn’s overall 
potential beyond grain, remains relevant (White et al., 2011; Chen et al., 2013;). This potential 
can be better understood through further refined study of phenology and vegetative development 
of tropical populations. Little emphasis has been given to corn biomass production, and the 
requirements for vegetative growth production centered on biomass have not been studied in 
depth, or from a phenological standpoint (Carpita and McCann, 2008). Moreover, the 
comparison between tropical corn and corresponding adapted strains with a focus on biomass 
production has not yet been explored under Iowa day-length conditions.  
Currently, the majority of ethanol is being produced from corn grain, by starch-based 
ethanol production, according to the Renewable Fuel Standard (RFS). Tropical corn biomass has 
potential as a Gen2 biofuel feedstock (Wilhelm et al., 2011), but little is known about the 
phenological development when grown for biomass. The objective of this research was to 
investigate the potential of tropical corn populations for biomass production by means of 
33 
 
 
 
 
 
 
studying crop development. Phenological and physiological aspects of this study will identify the 
suitability of these sources as biomass feedstock for cellulosic biofuel production. 
Materials and Methods 
Site Description and Plant Materials 
A field study (Fig. 3.1) was established at the Sorensen Research Farm of Iowa State 
University in Boone County, IA, U.S. located at 42o 02’ N and 93o 46’ W during the 2014 and 
2015 growing seasons. Day-length conditions of 15 to 14.9 h are typical of central Iowa when 
corn is first receptive. Weather data were collected from the station BOOI4 (Table 3.1), located 
on the same farm, and the data were compiled from the Iowa Environmental Mesonet (ISU 
AgClimate network). The experimental design was a split-split plot with three replications. The 
first split was planting date, and the second split was adaptation. Two weeks before planting, 
nitrogen fertilizer was applied uniformly at a rate of 190 kg N ha-1. Three planting dates were 
used each year: first planting (May 7, 2014 and May 13, 2015), second planting (May 20, 2014 
and May 27, 2015), and third planting (June 3, 2014 and June 9, 2015).  Four-row plots of 3 × 2 
m were laid out in the field, and corn was planted at a seed rate of 80,000 plants per hectare and 
row spacing of 76 cm. 
Tuxpeño, Suwan, and Tuson were the tropical corn populations chosen based on their 
importance in tropical corn breeding programs (Hallauer, 1999; Teixeira et al., 2015). The 
adapted strains had five cycles of selection for adaptation (C5), and the non-adapted strains had 
one (C1). Populations were provided by the North Central Regional Plant Introduction Station 
(NCRPIS, USDA) in Ames, IA. The seed lots were treated with thiamethoxam at 0.48 
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mg/kernel, Maxim Quattro at 16 mL/80,000 seeds, and colorant at 10 mL/1,000 g of seed. To 
avoid border and shading effects due to anticipated differences in canopy height, tropical corn of 
an average height was planted between adapted and non-adapted strains.  
Plant Measurements  
Leaf stage was measured using the leaf collar method (LCM), which relies on visual 
indicators for staging both vegetative (V) and reproductive (R) development (Abendroth et al., 
2011). Vegetative development stages are defined by the number of collared leaves, while R 
stages are defined by visual indicators of kernel development (Fig. 3.1). The main V stages in 
this method are VE-emergence, V1-first leaf, V2-second leaf, V3-third leaf, Vn-nth leaf, and 
VT-tasseling. The main R stages are R1-silking, R2-blister, R3-milk, R4-dough, R5-dent, and 
R6-physiological maturity (Ransom, 2013). Specific descriptions of each of the stages for the 
LCM are explained by Abendroth et al. (2011).  Each stage of development was achieved when 
50% or more of the plants in a plot reached a specific stage (Abendroth et al., 2011; Ransom, 
2013). For instance, emergence is defined as the stage when at least 50% of the planted seeds 
have emerged above the soil surface, and physiological maturity occurs when at least 50% of 
randomly selected ears of the sample have kernels with a maximum accumulation of dry matter, 
as determined by the presence of a black layer at the base of the kernel (Tsimba et al., 2013). The 
number of days to progress from one stage to the next varies for both vegetative and reproductive 
development (Abendroth et al., 2011), and thus it is necessary to fine-tune to 0,25 stages to refine 
and narrow in. Therefore, a novel refinement to the LCM for corn staging was implemented to 
enhance its accuracy, by division of each mean stage into quarter intervals. 
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Because some of the tropical populations start flowering very early or late, phenology 
measurements were carefully collected during the growing season. Ten plants were randomly 
chosen from two central rows (five plants per row) of each four-row plot. Phenological 
development was determined every 8 ±2 days, depending on the developmental stage and 
weather conditions.  
For the V period, nondestructive phenology determination was performed by counting the 
leaf collar number of each of the mentioned ten plants during the growing season (Fig. 3.1). 
Since leaf number is a critical point for V staging, and leaves senesce with plant age, plants were 
marked on the 5th, 10th, and 15th numbered leaves using a commercial white scuff cover (Kiwi, 
Johnson and Son, Racine, WI) at approximately 10 cm from the appropriate leaf collar.   
The height of three plants was measured after R development was initiated and V 
development remained fairly stable. This occurred later, up to 130 days after planting (DAP), 
and was determined by measuring the distance from the ground surface to the height of the final 
leaf collar (Fig. 3.2; Fig. 3.3). 
Reproductive development was recorded around 50 DAP as long as tasseling had begun, 
starting with non-destructive estimation (Fig. 3.1). Nevertheless, the staging of R development 
after R2 was measured accurately by the development of mid kernels, which are underneath the 
husk (Abendroth et al., 2011). Therefore, a separate destructive sampling was made to determine 
kernel development for all treatments.  
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Once the R2 stage was reached, the ears of three plants randomly chosen from the two 
center rows of each plot were collected weekly. The number of kernels, developmental stage, ear 
fresh mass, and ear dry mass were recorded until the R6 stage. 
For destructive sampling (Fig. 3.1), after 84 DAP (2014) and 75 DAP (2015), ears were 
sampled weekly until physiological maturity and then were immediately stored in a refrigerated 
room at approximately 4 oC. The fresh mass of ears and kernels plus cob was measured. Kernel 
development was determined as per Abendroth et al. (2011) including division of each R stage 
mean into quarter intervals (Fig. 3.4). Subsequently, at R6, the kernels were removed with the 
use of a bell corn crank sheller (C.S. Bell Co, Tiffin, OH). Kernels from ears harvested before 
the R6 stage were separated from the cob with the sheller after drying. Cobs and kernels were 
placed in separate bags and then oven dried at 60 oC until reaching constant mass. Finally, the 
dry mass of kernels and cobs was recorded for further analysis. 
For kernel development, a manual pressurized cutting test was conducted on the middle 
kernels of each ear for all the ears collected (Fig. 3.4). The R3 stage was determined when 
premature kernels burst easily, R4 when premature kernels were difficult to burst, R5 when 
kernels did not burst and slicing the kernel with a knife was needed to visualize starch layer 
content, and R6 when kernels fractured under pressure because of lower water percentage, 
meaning maximum starch accumulation had occurred.  
As described above, each V and R stage was divided into quarters to classify the 
phenology more precisely (Fig. 3.4). In the case of V, classification was based on leaf collar 
appearance, and in the case of R, classification was based on independent criteria according to 
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the main stage, such as the length (by percentage) of the silk for R1, ease of bursting for R3-R4, 
and identification of the starch layer for R5 (Fig. 3.4).  
Experimental Design and Data Analysis 
The experiment was analyzed as a split-split plot with three replications during 2014 and 
2015. The first split was planting date which had three levels to account for a range of diverse 
environments to estimate parameters associated with the photoperiod, and the second split was 
adaptation which has two levels (C1 and C5) for Tuxpeño, Suwan, and Tuson. Data were 
analyzed using the PROC GLIMMIX procedure of SAS (SAS for Windows 9.4, SAS Inst., Cary, 
NC). Repeated measures analysis was used to account for potential correlations among weekly 
measurements over the course of the growing season. Mean comparisons were made using t-tests 
to examine differences in adaptation, germplasm, and planting dates. Vegetative development, 
reproductive development, dry matter yield, and plant height were analyzed using an alpha value 
of 0.05 (Table 3.2).   
Results and Discussion 
To evaluate the possibilities of increasing biomass yields, the potential of tropical corn 
grown under Iowa conditions was investigated by studying the phenology of adapted and non-
adapted populations. Accuracy of the Leaf Collar Method (LCM) was enhanced, contributing to 
the detection of phenological differences. In this research, the refinement consisted of the 
division of each mean stage into well-defined quarter intervals as mentioned above (Fig. 3.4). In 
addition to LCM, a complementary destructive sampling harvest was added because of the 
uncertainty when recording the precise staging from R2 to R6 solely through external 
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examination of the ears (Fig. 3.1). Vegetative development, plant height, and non-grain biomass 
are discussed to provide quantification of adapted and non-adapted populations as a potential 
feedstock for bioprocessing. In addition, reproductive development, harvest index and grain yield 
are used to compare adapted and non-adapted populations, in connection to available hybrid 
records for Midwestern conditions. Furthermore, future inquiries as to the use of tropical 
populations in the Midwest as a bioenergy feedstock are presented.   
Greater Vegetative Development for Non-adapted Populations 
The vegetative development of tropical corn in 2014 and 2015 is shown at the final V 
stage of development in Fig. 3.2, and Fig. 3.5a-f shows the rate of V and R development of the 
corn in the study. Even though visual differences among populations with differing adaptation 
were recorded early in the growing season, only after 990 growing degree days (GDD), were 
significant differences found between them, starting with vegetative development (Figs. 3.2, 
3.5a-f). Adapted strains were slightly more developed than non-adapted from 64 to 84 DAP for 
2014, and predominantly followed the same trend from 51 to 74 DAP for 2015. At around 89 
DAP for 2014 and by 76 DAP for 2015, adapted strains approached an asymptote, while non-
adapted strains continued to develop vegetatively and reached greater final vegetative 
development (Fig. 5a-f). The present results document that differences between adapted and non-
adapted populations occur progressively through the growing season. 
Vegetative development for adapted and non-adapted tropical corn was significantly 
influenced by the planting date and also depended on the accumulated GDD (Table 3.2; Fig. 
3.5a-f). The final V development for the second planting date in 2014 ranged from 22 to 27 
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leaves (V22 to V27 stage) across non-adapted populations. For the first and third planting dates 
of 2014, V development for non-adapted populations ranged from V21 to V26 and from V21 to 
V24, respectively. Final vegetative development remained stable over planting dates in 2015 
(Fig. 3.2), mainly V24, V25, and V21 for non-adapted Suwan, Tuson, and Tuxpeño populations, 
and V22, V24, and V19 for adapted Suwan, Tuson, and Tuxpeño populations, were measured 
respectively. Non-adapted tropical populations produced more leaves, therefore, greater 
vegetative development (Fig. 3.2).  
Conversely, final development for all 2014 planting dates was expected to be similar; 
however, for the first planting date in 2014 (May 7), tropical corn exhibited a relatively lower 
final vegetative stage of development averaged across all populations, in both adapted and non-
adapted cases. This was most likely due to the environmental conditions immediately following 
the first planting date, when temperatures were below 4.4 oC from May 8 to May 10 of 2014 
(Table 3.1). These conditions might not have allowed the earliest planted corn to gain substantial 
vegetative development over the corn from the latter two planting dates in 2014. Indeed, corn 
from the second planting date achieved a greater final development that year. Because 
temperature is highly related to vegetative development in corn, early planting of these tropical 
populations under Iowa conditions impact vegetative development. 
Relationship between Height and Non-grain Biomass 
Non-adapted populations were taller than adapted ones, as indicated by the average final 
number of leaves (Fig. 3.3). Thus, Tuson was the tallest genotype, especially the non-adapted 
strain, for the three planting dates (µ=285 cm). Tuson also had the greatest final vegetative 
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development for all planting dates compared to Suwan and Tuxpeño (Fig. 3.2). In contrast, 
Tuxpeño had the shortest height for all planting dates (µ=227 cm), and the least vegetative 
development compared to Suwan and Tuson. While no prior research compares height and 
development of these tropical populations and their adapted counterparts, this study found that 
plant height correlated with final vegetative development and total biomass (Figs. 3.2, 3.3, and 
3.6). 
In comparison to commercial hybrids, Wilhelm et al. (2011) measured the mean 
maximum plant height of 240 cm in corn grown in Ames, IA, among a wide range of germplasm. 
Nevertheless, those height measurements included the stalk up to the far end of the tassel, and 
could result in variability due to breakage or loss of tassel. The average height reported in this 
study is the height of the final leaf collar; therefore, variability was not a measuring problem. 
Firstly, Suwan had intermediate height among the populations, and yielded more grain 
(7.23 Mg ha-1 for adapted and 5.7 Mg ha-1 for non-adapted) than Tuxpeño and Tuson. Non-
adapted Suwan produced a total biomass (25.5 Mg ha-1) close to that of Tuson (25.9 Mg ha-1), 
which had the greatest biomass production. This indicates that grain, in addition to vegetative 
biomass, was a large contributor to Suwan’s total biomass. 
Secondly, Tuson, the tallest of the populations in this study, reached the greatest final 
vegetative development (Figs. 3.5a-f), represented by a greater number of leaves, and the 
greatest stover dry matter yield (DMY). Conversely, Tuson had the least reproductive 
development (Figs. 3.5a-f) and accumulated a relatively lower percentage of grain DMY as 
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compared to Suwan. This DMY ratio (stover DMY/grain DMY) may offer a tool to discriminate 
among corn populations for their potential to produce high lignocellulosic biomass. 
Finally, Tuxpeño showed less final vegetative development (Figs. 3.5a-f) and the least 
DMY for stems, but the fastest and greatest reproductive development before the asymptote was 
reached (Figs. 3.5a-f). Tuxpeño was the shortest population and yielded the least total biomass, 
whereas Tuson and Suwan, as taller populations, had the greatest total biomass (Fig. 3.3 and Fig. 
3.6). These findings indicate that plant height may be a valuable metric to predict vegetative 
biomass yield.  
Vega et al. (2001) determined kernel number per plant to be a good predictor of growth 
rate during seed set. This has potential to impact total biomass. In this study, the average kernel 
numbers per ear for non-adapted Suwan, Tuson, and Tuxpeño populations were found to be 432, 
400, and 429, respectively, and for adapted Suwan, Tuson, and Tuxpeño populations were 438, 
420, and 432, respectively (Table 3.3).  These kernel numbers were positively related to grain 
yield, and the kernel number was higher in adapted than non-adapted populations. However, the 
present study found no direct relationship between kernel number and total biomass in the 
populations studied. Vega et al. (2001) also presented other simple morphometric variables in 
relation to shoot dry matter, including plant height; however, the relationship between the two 
was not clear from Vega et al.’s (2001) conclusions. As discussed above, this study found plant 
height to be a valid predictor of total biomass. This is consistent with studies involving forage 
biomass during vegetative and early reproductive growth (Freeman et al., 2007; Pordesimo et al., 
2004). Overall, these results document that plant height is a positively correlated indicator of 
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total biomass production. This may be a useful tool in future research to better identify highly 
vegetative plants with high throughput.   
According to Hallauer and Carena (2016), some adapted populations of Tuxpeño, Suwan, 
and Tuson had progressively higher root and stalk lodging, and this result proportionally 
corresponded to the height reported in the present study. An additional criterion for selecting 
Tuson for early silking was shortness, but even the 11th cycle of selection was reported to have a 
combined greatest root and stalk lodging of 16% (Hallauer and Carena, 2016), meaning the C5 
Tuson used was expected to be taller. The taller the population, the greater the lodging 
percentage. Lodging was not a significant issue for this study in terms of observed and harvested 
plants; less than one third of the lodging percentage reported for Hallauer and Carena (2016) was 
found in this study. However, lodging was proportional to height. Further research on biomass 
yield under central Iowa conditions should consider lodging since it is associated with tall plants. 
In terms of total biomass, there were significant differences between adapted and non-
adapted populations when measured at final harvest (Table 3.2; Fig. 3.6). However, planting date 
did not influence DMY at the end of the growing season (Table 3.2). Non-adapted Suwan and 
Tuson had the highest total DMY (Fig. 3.6), while Tuxpeño yielded 10% and 8% less total 
biomass than Tuson and Suwan, respectively. The tropical populations evaluated in this study 
were used to phenologically compare differing adaptations under Corn Belt conditions; literature 
reports a range of 7 to 13 Mg ha-1 stover DMY for hybrids in Corn Belt sites (Wilhelm et al., 
2011), while the present study had up to 18.3 Mg ha-1 stover DMY for non-adapted Tuson. It can 
be concluded that non-adapted tropical populations are suitable for high lignocellulosic biomass 
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yield with up to 40% more stover DMY than the maximum stover DMY previously reported for 
the Corn Belt. This results indicate tropical corn’s high potential as feedstock for Gen2 biofuel 
production. 
Later Reproductive Development for Non-adapted populations 
Differences in the initiation of reproductive development were observed between adapted 
and non-adapted populations, even as early as tasseling (Figs. 3.5a-f). Although adapted strains 
had lower final V development, they transitioned to reproductive growth more quickly (≥R1; 10-
15 days earlier), approximately 80 DAP for 2014 and 74 DAP for 2015 (Figs. 3.5a-f). The R 
stages of development began comparatively late for the non-adapted populations following this 
trend through R6. Therefore, ears of adapted populations developed faster than non-adapted 
populations for all planting dates (Figs. 3.5a-f). In addition, Tuxpeño populations reached the 
earliest final reproductive development over Suwan and Tuson for all planting dates (Figs. 3.5a-
f). These outcomes are consistent with the results of King et al. (1972), who reported a delay of 
12 days for non-adapted Tuxpeño. Thus, reproductive development was significantly different 
among populations and level of adaptation (Fig. 3.5a-f; Fig. 3.7).  
Although not an objective of the study, it was interesting to observe that Tuson had 
relatively longer silks than Suwan and Tuxpeño. Silk length might provide information about the 
difference in time between reproductive initiation and when silks are fertilized (Fonseca et al., 
2004). In other words, the longer the silk, the larger the time difference between reproductive 
initiation and fertilized silks (associated with ASI).  In this study, Tuson had delayed 
reproductive development for all planting dates (Figs. 3.5a-f), likely because of this delay in silk 
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fertilization. This might have caused the need for 11 cycles of selection for the Tuson population 
to achieve acceptable maturity for adaptation. Future studies might determine if silk length is a 
reliable metric associated with potential biomass.  
Harvest Index and Grain Yield for Tropical Populations 
Tropical populations had different harvest index (HI) values depending on the adaptation. 
Non-adapted populations resulted in a lower HI, ranging from 0.2 to 0.26 HI, and adapted 
populations had greater HI, ranging from 0.3 to 0.41 HI (Fig. 3.6). The change in HI among non-
adapted and adapted populations is evidence of the tradeoff between the rate of vegetative and 
reproductive development and growth during the adaptation (Fig. 3.6). Changes in HI were 
found for similar selection processes (Edmeades et al., 1999). Tropical populations in this study 
had up to 30% lower HI compared to commercial corn, which has a typical HI of 0.5 (Wilhelm et 
al., 2011). In addition, the planting date did not affect HI, likely because of the small day-length 
difference (0.1 h) when the corn first was receptive between the first and third planting dates. 
Similarly, there were no differences in the flowering date among planting dates, again most 
likely due to this small difference in day-length. 
Likewise, grain DMY differed significantly by adaptation at final harvest. There were 
also significant differences in grain DMY between populations when measured at the end of the 
growing season. Grain yields of all tropical corn gradually increased with the progression of the 
R mean stage for both years (Fig. 3.7), while kernel number remained fairly stable. Adapted 
Suwan had the greatest grain DMY at 7.23 Mg ha-1, adapted Tuxpeño had 18% less grain DMY 
than Suwan, and adapted Tuson had the least grain DMY, 26% lower than Suwan. Overall, 
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adapted tropical corn had greater grain yields than non-adapted corn, while non-adapted tropical 
corn had greater total biomass yield than their adapted counterpart populations (Fig. 3.6). 
Tropical populations in this study had up to 40% lower grain DMY compared to commercial 
corn, which has a mean grain yield of 12.7 Mg ha-1 under Midwest conditions (Wilhelm et al., 
2011). Therefore, these populations are far from being considered acceptable for grain 
production; instead, they are useful for breeding programs, and this research shows non-tropical 
corn has potential as a Gen2 feedstock. 
Future Research for the Potential of Tropical Corn 
The issue of high moisture in biomass at harvest is significant and related to transport 
costs in other dedicated biofuel crops, such as in sorghum cane (Rooney et al., 2007). Tropical 
corn populations grown under Midwestern conditions, when harvested close to the first killing 
frost as compared to an earlier harvest, might show reduced biomass moisture. Harvesting late in 
the growing season might be recommended since biomass will be drier, which is most likely 
better for lignocellulosic processing and reduced grain moisture (Liu et al., 2009). Harvesting 
stover well after the first killing frost generally results in a more suitable moisture concentration 
for storage as long as precipitation does not occur. 
Tropical populations grown in temperate conditions have an extended period of 
vegetative growth and taller stems. As a consequence, they result in high feedstock yield 
(Pullam, 2011). However, these populations have been planted using conventional practices of 
row spacing and plant density, though optimum row spacing and plant density for increased 
biomass production has not been investigated. Thus, further research needs to disclose better 
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practices when considering tropical corn favoring non-grain biomass over grain production. This 
might produce greater biomass production for bioenergy feedstock.  
Although tropical populations’ grain yield is small, this grain yield component at harvest 
will potentially generate either issues or opportunities requiring different harvesting and 
processing logistics. Further studies should consider the quality of the feedstock in terms of 
economic value. Indeed, non-adapted tropical populations offer a significant amount of 
lignocellulosic biomass, but quality must be established prior to determination of economic 
value. There is a potential flexibility in relation to the use of the final products, since stover 
might have a destination in bioenergy, while grain might have potential for multiple purposes, 
such as feed and starch-based ethanol production.   
Conclusions 
The present study found phenological differences between adaptations appeared 
progressively through the growing season, and the refinement of LCM accuracy contributed to 
their detection. Plant height correlated well with vegetative development and total biomass for 
tropical populations. Tuxpeño populations were the shortest, while Suwan and Tuson had greater 
total biomass. Suwan had the highest grain yield of the populations, while non-adapted Tuson 
was the tallest of the populations and had the highest non-grain biomass. 
Delay in grain development as found for non-adapted strains was antagonistic to grain 
yield. This relationship is reflected in a low grain DMY for all tropical populations, but was even 
lower for non-adapted populations (Fig. 3.6). On the other hand, stover DMY was significantly 
higher for non-adapted strains for all planting dates. These results provide evidence that more 
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accumulation of non-grain biomass might occur at the expense of grain yield for non-adapted 
strains due to delayed maturation, most likely attributed to a longer timeframe for photosynthesis 
by non-adapted strains.  
Adapted tropical corn performed better for grain yield whereas tropical corn performed 
better for biomass yield. The choice of non-adapted tropical corn grown under central Iowa 
conditions results not only in plants with delayed flowering, late grain accumulation, and delayed 
reproductive development, but also in plants with greater biomass, vegetative development, and 
height. Production of non-adapted tropical corn under central Iowa conditions will produce 
greater biomass yields, which could be advantageous for bioenergy feedstock and other chemical 
substrates.  
Acknowledgements 
We would like to thank Arnel Hallauer and The North Central Regional Plant 
Introduction Station for donating the tropical populations for this study. We would also like to 
thank all people involved in this research not only in the field, but also in lab processing of the 
present study: Lori Abendroth, Alison Robertson, John Shriver, Jérémie Bouriot, Shawnee 
Webb, Colin Nahkunst, Emma Haven, Guillermo Marcillo, Eric Spickerman, Danielle Wilson, 
and Roger Hintz. 
 
 
 
 
48 
 
 
 
 
 
 
Table 3.1. Average monthly temperature, accumulated monthly growing degree days (GDD), 
precipitation, and solar radiation for 2014, 2015, and the 30-year average in Ames, IA. 
 Temperature (
oC)         GDD10      Precipitation (mm) 
Month 2014 2015 30 Year Average 2014 2015 
30 Year 
Average 2014 2015 
30 Year 
Average 
Jan -8 -4 -6 0 0 0 10 18 53 
Feb -9 -9 -3 0 0 0 74 51 69 
Mar 0 4 2 5 10 15 79 15 165 
Apr 8 11 9 52 69 65 325 218 282 
May -10 15 16 182 192 196 257 277 345 
Jun 21 21 21 347 346 340 592 429 363 
Jul 18 22 23 344 392 410 145 381 325 
Aug 22 20 22 389 340 377 462 518 325 
Sep 17 20 17 217 318 239 259 328 208 
Oct 11 11 10 70 88 78 218 81 196 
Nov 0 5 2 1 26 9 64 157 155 
Dec -1 0 -4 1 0 1 74 318 81 
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Table 3.2. Analysis of variance for vegetative development (V), plant height (H), and total 
biomass in dry matter yield (DMY), and significance in response to germplasm (G), adaptation 
(A), and planting dates (PD) during the 2014 and 2015 growing seasons in Boone, IA. Because 
of the significant multiple interactions by year, all comparisons were made within each year. 
Source of Variation df V H DMY 
Year 1 5239.19*** 8.26** 32.31*** 
Block 2 0.03 2.36 1.26 
Planting date (PD) 2 1.28 2.31 2.8 
PD*Year 2 1512.56*** 0.58 1.61 
Adaptation (A) 1 2.4 90.54*** 82.47*** 
A*Year 1 28.65*** 11.61** 2.99 
A*PD 2 0.55 15.76 0.66 
A*PD*Year 2 19.85*** 3.13* 0.74 
Germplasm (G) 2 3.84* 291.92*** 14.97*** 
G*Year 2 82.71*** 0.19 1.86 
G*PD 4 3.04* 3.93* 0.36 
G*PD*Year 4 10.04*** 1.83 1.42 
G*A 2 1.12 7.1** 2.26 
G*A*Year 2 36.43*** 1.13 0.52 
G*A*PD 4 1.17 4.49** 0.52 
G*A*PD*Year 4 2.52** 3.65** 0.88 
Day 8 8836.12***  
Day*Year 8 256.33***  
Day*PD 16 45.2***   
Day*PD*Year 16 67.77***   
A*Day 8 20.25***   
A*Day*Year 8 2.89**   
A*Day*PD 16 5.93***   
A*Day*PD*Year 16 5.35***   
G*Day 16 13.06***   
G*Day*Year 16 45.18***   
G*Day*PD 32 6.06***   
G*Day*PD*Year 32 7.28***   
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Table 3.2. continued. 
 
 
 
 
  
G*A*Day 16 10.77***   
G*A*Day*Year 16 7.97***   
G*A*Day*PD 4 5.17***   
G*A*Day*PD*Year 32 2.24***     
 
* Significant at the 0.05 probability level / ** Significant at the 0.01 probability level/ 
***Significant at the 0.001 probability level 
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Table 3.3. Husk, grain, and cob dry matter (DM) given as a percentage of total ear weight, and 
the mean number of kernels per ear of Suwan, Tuson and Tuxpeño, cycles 1 and 5 (C1:non-
adapted, C5:adapted), for 2014 and 2015. 
 
Husk DM 
% 
Grain DM 
% 
Cob DM 
% 
Kernel 
Number 
per Ear 
Suwan     
  C1 32 50 18 432 
  C5 31 52 17 438 
Tuson     
  C1 37 45 18 400 
  C5 34 50 16 420 
Tuxpeño     
   C1 32 50 18 429 
   C5 29 53 18 432 
 
 
 
Fig. 3.1. Phenology methods description for corn staging 
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Fig. 3.2. Vegetative development between adapted (white bars) and non-adapted (striped bars)  
30
40
50
60
70
80
90
100
110
120
130
18
19
20
21
22
23
24
25
26
27
28
D
at
e 
A
ch
ie
ve
d 
(D
A
P)
Le
af
 C
ol
la
r 
N
um
be
r
Planting Dates
Non-Adapted
Adapted
Adapted Date achieved
7-May    20-May 3-Jun     
0
30
40
50
60
70
80
90
100
110
18
19
20
21
22
23
24
25
26
27
28
D
at
e 
A
ch
ie
ve
d 
(D
A
P)
Le
af
 C
ol
la
r 
N
um
be
r
Planting Dates
Non-Adapted
Adapted
Adapted date achieved
13-May    27-May 9-Jun     
0
2014 
 
à Non-adapted Date  
    achieved 
     2015 
 
à Non-adapted Date  
    achieved 
53 
 
 
 
 
 
 
tropical corn grown at the Sorensen Research Farm in Boone County, IA, for three planting dates 
during 2014 and 2015. Diamonds indicate the date the plants achieved the maximum leaf collar 
number in days after planting (DAP); final vegetative development as measured by the Leaf 
Collar Method was met by 120 DAP. 
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Fig. 3.3. Plant height of the final leaf collar between adapted (white bars) and non-adapted 
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 (striped bars) tropical corn grown at the Sorensen Research Farm in Boone County, IA, for three 
planting dates during 2014 and 2015. The final height was measured 130 DAP.  
 
 
 
 
 
 
 
 
             R5        R5.25       R5.5                R5.75 
 
Fig. 3.4. Representation of the division of the R5 main stage into quarters. The black layer 
indicates the starch layer to be sensed by a pressure test, and the endosperm’s inner white section 
represents kernel water content. Pressure from a standard knife is applied progressively from the 
top to the bottom side of the kernel to determine stage. The representation of the cross section of 
kernels drawn are in a perpendicular mode to the cob axis. 
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Fig. 3.5. Stages of development for adapted (filled bullets) and non-adapted (open bullets) 
tropical corn according to the Leaf Collar Method. The left axis represents the stage of vegetative 
(V) development, and the longer lines correspond to the V part of phenology of adapted and non-
adapted populations. The right axis represents the stage of reproductive (R) development, and the 
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shorter lines correspond to the R part of the phenology of adapted and non-adapted populations. 
(a) First planting on May 7th of 2014, (b) second planting on May 20th of 2014, and (c) third 
planting on June 3rd of 2014; (d) First planting on May 13th of 2015, (e) second planting on 
May 27th of 2015, and (f) third planting on June 9th of 2015.  
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Fig. 3.6. Total biomass for adapted (striped bars) and non-adapted (open bars) tropical corn at  
2014 
 
                            à HI for NA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2015      à HI for NA 
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maturity; diamonds indicate harvest index (HI) of adapted and non-adapted populations for three 
different planting dates during 2014 and 2015. 
 
 
 
 
 
 
 
Fig. 3.7. Grain yield percentage combined for adapted (solid circle) and non-adapted (open 
diamond) tropical corn by reproductive mean stage (R).  
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CHAPTER 4 
BIOMASS PRODUCTION AND COMPOSITION OF TEMPERATE AND 
TROPICAL CORN IN CENTRAL IOWA 
A manuscript to be submitted to Agronomy Journal 
Infante, P.A., K.J. Moore, C. Hurburgh, P. Scott, S. Archontoulis, A.W. Lenssen, and S. Fei    
Abstract 
Bioethanol production in the Midwestern U.S. has largely focused on corn (Zea mays L.) 
grain for starch-based ethanol production. There has been growing interest in lignocellulosic 
biomass as a feedstock for biofuels, as it will offer alternative sources of energy for the 
replacement of non-renewable fuels. Management practices for corn grain yield are well known 
in the U.S. Corn Belt, but little research examines biomass production and lignocellulosic 
quality, with a focus on bioethanol production. Tropical corn is the term used for corn adapted to 
tropical regions. Tropical corn in Iowa has yielded less grain than the U.S. Corn Belt corn. The 
comparison between temperate and tropical corn with a focus on biomass production has not yet 
been explored under Iowa growing conditions. This study compares the suitability of temperate 
and tropical corn with differing relative maturities by means of investigating the quantity and 
composition of the feedstock. Therefore, field trials were established in central Iowa during the 
2014 and 2015 growing seasons.  Six hybrids of different relative maturities were planted in high 
planting densities to evaluate their total biomass production and feedstock quality under 
Midwestern U.S. conditions. Total biomass, height at the final leaf collar, stem diameter at one 
meter above ground, and lignocellulose concentration were measured at harvest. Tropical corn 
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was taller and had greater non-grain and total biomass production (15% more than temperate 
corn), while temperate corn had greater grain yield and grain starch, as well as earlier maturation.  
Narrower row spacing had greater biomass and yield; nitrogen fertilization rate affected grain 
and feedstock composition. Feedstock composition was germplasm-dependent in terms of fiber. 
Tropical corn had lower cellulose, lignin, and ash concentrations, and higher nitrogen at harvest 
than temperate corn. Conversely, temperate corn had greater ash, cellulose, and lignin 
concentrations. Tropical corn planted at high densities has high potential as a feedstock for 
bioethanol production in the U.S. Midwest.  
ABBREVIATIONS 
APSIM, Agricultural Production Systems sIMulator; Gen2, Second Generation; DM, Dry 
Matter; HI, Harvest Index; RM, Relative Maturity.  
Introduction 
There has been growing interest in renewable feedstock sources as an alternative to 
reduce fossil fuel demand. Corn (Zea mays L.) grain has been the main source for ethanol 
production in the U.S. Corn Belt, but stover and non-grain ear tissues, are an option largely 
unused at present. Since stover is not being harvested for energy purposes, further exploration is 
required to identify the potential of using these “residues” directly as a Gen2 feedstock for 
bioenergy. Second generation (Gen2) biofuel refers to fuel that uses mainly stover as source of 
feedstock. Germplasm such as tropical corn (corn adapted to tropical regions), has the potential 
to produce high amounts of non-grain biomass and might be an attractive source of cellulosic 
feedstock.  
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Potential sources of bioenergy feedstock supply include agricultural residues and 
dedicated energy crops. Further research on the suitability of corn as a feedstock for bioenergy 
might offer clarity as to whether corn will continue to be considered a non-dedicated energy 
crop. Most ethanol is currently produced by a starch-based fermentation process. The 
lignocellulosic fraction of corn might be promising as a Gen2 feedstock for bioenergy (Wilhelm 
et al., 2011). 
Wilhelm et al. (2011) reported diverse corn hybrids yielded from 7 to 13 Mg ha-1 stover 
dry matter yield (DMY) across four Corn Belt sites under 74,000 and 79,000 plants ha-1 and 76 
cm row spacing conditions. Conversely, a mean total biomass of 20 Mg ha-1 DMY is reported for 
commercial corn, but the average becomes higher when applying further amendments such as 
biochar (Wilhelm et al., 2011). Currently, nearly half the total biomass could potentially be 
lignocellulosic feedstock under conventional practices. Accounting for a wider range of regions 
in the U.S., commercial corn has a typical harvest index (HI) of 0.5 to 0.57, when harvested at 
35% grain moisture (physiological maturity harvest) or at 15% grain moisture (grain harvest) 
respectively (Wilhelm et al., 2011). This reflects the economic importance of grain yield as the 
main focus of corn production in the U.S. at the present time. 
Delayed maturation and flowering of corn is associated with greater stover accumulation 
at the expense of grain yield and reduced grain number per plant (Edmeades et al., 1993; Pullam, 
2011). Reported to have such delays, tropical corn might compensate for reduced grain yield 
with increased biomass accumulation, which may be promising as a Gen2 feedstock for 
bioenergy (Pulam, 2011; Wilhelm et al., 2011). 
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Tropical populations have been included in Midwest breeding programs and have been 
adapted by selection for early silking; they are occasionally used as a germplasm source in 
breeding programs, but are of limited utility due to low grain yields and HI (Hallauer and 
Carena, 2016). In addition, multiple non-adapted tropical germplasm have been grown in 
temperate conditions. Remarkably, prior studies have shown tropical corn has significant 
vegetative growth and plant height when grown under temperate conditions. This is favorable 
when exploring the potential of germplasm to produce high amounts of non-grain biomass. 
However, these populations have been planted using conventional practices, such as row spacing 
and plant density, and further research is needed to optimize agronomic practices for growing 
corn for biomass production.   
It may be possible to optimize biomass and grain production by adjusting plant 
arrangement, consisting of plant density and row spacing. When planting corn for biomass and 
forage production, the literature suggests using relatively higher plant densities (Cox and 
Cherney, 2001). Current recommendations for plant density for grain yield over the Corn Belt 
averages about 76,500 plants ha-1 (Wilhelm et al., 2011), while studies for biomass yield have 
used over 100,000 plants ha-1 (Cox and Cherney, 2001; Pullam, 2011).  
Narrow row spacing is favorable for dry matter yield as reported by Cox and Cherney 
(2001), where a 7.5% increase was recorded outside the Corn Belt (Aurora, the Cornell 
University research farm) by changing from 76 cm to 38 cm rows. Within the Corn Belt, grain 
yield is also affected by the narrow row spacing. Saphiro and Wortmann (2006) found a 4% 
increased yield when rows were planted at 51 cm instead of the conventional 76 cm. 
67 
 
 
 
 
 
 
Plant arrangement, positioning more plants in the field via density and spacing, is 
suggested to trade off biomass growth over grain, and would also have other mid- and long-term 
effects. Higher plant arrangement might eventually leave relatively more root residue in the soil, 
which feeds C pools in the long term. However, stover removed under intensive harvests leaves 
the soil surface uncovered, affecting soil organic matter dynamics (Wilhelm et al., 2011).  
The quality of feedstock for conversion to ethanol is as relevant as high amounts of 
biomass yield. Composition of feedstock in terms of lignocellulose, a main constituent of 
biomass stover, as well as nitrogen and ash concentrations will determine the efficiency of the 
ethanol conversion system. Lignocellulosic composition (cellulose, hemicellulose, and lignin), 
nitrogen, and ash concentration are geographic-, management-, physiological-, and genotype-
dependent as found for other grasses (Aurangzaib et al., 2016). Higher cellulose and 
hemicellulose are desirable products, while lignin has a complex chemical structure difficult to 
break down in biochemical bioprocessing. However, lignin may be preferred for thermochemical 
conversion processes. Low ash concentrations are desired for both thermochemical and 
biochemical conversion systems, because high ash concentrations in the feedstock limit the 
conversion process (Ablevor et al., 1992; Hayn et al., 1993; Sun et al., 2002). 
According to Liu et al. (2011) corn harvest time affects the quantity and quality of 
lignocellulose. Quantity is affected by loss of leaves, tassel, and other breakable tissues until the 
late end of the growing season; quality might be affected by the relative maturity, literature 
report decreased hemicellulose values over time around harvest time, as well as moisture, ash, 
and mineral elements, although cellulose and lignin concentrations increase.   
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The objective of this research was to investigate the potential of diverse corn germplasm 
for biomass production by means of studying biomass yield and fiber composition. Plant 
arrangement as a combination of row spacing and plant density, and two different 
recommendations of nitrogen (based on the Iowa State predictor and APSIM suggested for corn), 
were hypothesized to influence total biomass yield and feedstock composition of a diverse set of 
temperate and tropical corn. The overall objective of this study was to evaluate the composition 
and the total biomass of temperate and tropical corn as feedstock for cellulosic biofuel 
production. 
Materials and Methods 
Site Description and Genotype Materials 
To evaluate the biomass production and composition of tropical and temperate corn of 
different plant arrangements, an experiment was performed at Iowa State University, Sorensen 
Research Farm in Boone County, IA, U.S. (42o 02’ N and 93o 46’ W) during the 2014 and 2015 
growing seasons. The soil type was a Nicollete loam (fine-loamy, mixed, mesic Aquic 
Hapludoll). Weather data were collected from the station BOOI4 (Table 4.1) located on the same 
farm; data were compiled from the Iowa Environmental Mesonet (ISU AgClimate network). A 
week before planting, nitrogen fertilizer was applied uniformly at 180 kg N ha-1 and 200 kg N ha-
1, using the ISU predictor and APSIM level of nitrogen, respectively. Tropical and temperate 
corn were planted at plant densities of 100,000 or 120,000 plants per hectare and row spacing of 
38 cm or 76 cm resulting in four combined planting treatments called plant arrangements.  
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Six genotypes (four local hybrids of 104, 110, 114, and 120 relative maturity (RM), and 
two tropical corn of 130 RM) were planted on May 20, 2014, and May 13, 2015. Germplasm 
were provided by DuPont Pioneer (Ankeny, IA). Individual plot size was 3 m by 7.5 m. The 
tropical seed lots were treated with thiamethoxam 5FS at 0.8 mg/kernel, Maxim Quattro at 16 
mL/80,000 seeds, and colorant at 10 mL/1,000 g of seed. 
Plant Measurements 
Temperate and tropical corn were hand-harvested after first frost each year, the first week 
of December 2014 and the last week of November 2015. Stalk number, ear number, and wet 
weight were measured in the field at harvest. The maturity of the corn at harvest depended on the 
relative maturity of each hybrid; therefore, temperate corn was harvested later than black layer in 
these trials. Prior to harvest, the height of the final leaf collar and the diameter of the stem at one 
meter above ground were measured with an electronic caliper on three plants per each plot.  
Harvest and Sample Process 
Within the central rows of each seven or four row plot, accounting for 38 cm and 76 cm 
row spacing respectively, two-meter double rows were manually harvested at an approximate 
distance of two meters from the edge of the plot. The wet weight of the 192 plots was recorded, 
and three plants were collected and combined, sampled by organ (leaves, stems, husks, cobs, and 
grains). Every organ was separated in the field, with its wet weight recorded and dried at 60oC 
until a constant dry weight was achieved. Samples were reweighed for dry mass and transported 
to the laboratory for further processing.  Grain was collected in plastic bags, and the preparation 
of lab samples required stem shredding in samples collected from late sampling harvests. In the 
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lab each non-grain sample was ground to pass a 1-mm sieve with a Willey mill (Thomas 
Scientific, Swedesboro, NJ). 
Near Infrared Spectroscopy, Sequential Fibers, and Total Nitrogen 
The full set of collected samples was scanned using a Near Infrared Spectroscopy (NIRS)  
6500 scanning monochrometer (NIRSystems, Silver Spring, MD). The WinISI II Project 
Manager v1.50 software was used to perform a principal component analysis (PCA), providing 
50 sub-samples for chemometrics to calibrate a 173-coefficient-multivariate NIR model with a 
wavelength range of 1,108 to 2,492.8 nm. The 50 sub-samples were chemically analyzed in 
duplicate for lignin and cellulose, and calculated as NDF-ADF for hemicellulose concentrations 
of stems, leaves, husks, and cobs were determined by a modified sequential fiber analysis by the 
ANKOM procedure (Vogel et al., 1999; Wilson et al., 2016), by means of the determination of 
neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), and 
insoluble ash. All determinations were done on a dry matter basis. Lignin was calculated as the 
ADL adjusted for ash concentration, cellulose as the difference between ADF and ADL 
concentration, and hemicellulose as the difference between NDF and ADF concentration. 
Nitrogen (N) determination was performed through thermal combustion in a Vario Microcube® 
(Elementar Americas, Mt. Laurel, NJ). Total N values were adjusted for dry matter. After 
chemometrics of sub-samples was completed, the model estimated the total N, lignin, cellulose, 
and hemicellulose for the full set of samples using WinISI II P M v1.50. The scatter correction 
used was Standard Normal Variate (SNV) and detrend, with a math treatment of 1,4,4,1.  Lastly, 
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measurements of grain protein, oil, starch, density and ethanol yield were estimated using an 
Infratec 1229 Grain Analyzer (Foss Tecator, Töganäs, Sweden). 
Experimental Design and Data Analysis 
The experiment was analyzed as a split-split plot with four replications during 2014 and 
2015. The first split had two levels of plant density (100,000 plants ha-1 and 120,000 plants ha-1), 
and the second split had two levels of row spacing (38 cm and 76 cm) for six genotypes (four 
temperate corn of 104 RM, 110 RM, 114 RM, 120 RM, and two tropical corn of 130 RM). The 
experimental data were analyzed using the PROC GLIMMIX procedure of SAS (SAS for 
Windows 9.4, SAS Inst., Cary, NC). Mean comparisons from the model were done using 
multiple t-tests to examine differences in plant density, row spacing, and germplasm. Cellulose, 
hemicellulose, lignin, ash, and nitrogen concentrations, grain density, grain protein, grain oil, 
grain starch, plant height, and yield were analyzed using an alpha value of 0.05. 
Results and Discussion 
To evaluate the possibilities of increasing biomass yields, the potential of temperate and 
tropical corn grown under Iowa conditions was investigated by studying the effects of plant 
density, row spacing, and nitrogen level on biomass yield and fiber composition. This study 
provided new data detailed individually by stems, leaves, husks, and cobs, not only concerning 
the quantity, but also the composition of two tropical corn and four temperate hybrids grown in 
Iowa. To note, weather during the two years generally followed the 30-year average monthly 
temperature trend during the growing season, except early May 2014, which averaged about 26 
oC lower temperatures. Similarly, precipitation during 2014 was much lower for July than the 30-
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year average record. Also, corn in 2015 accumulated more growing degree units for most of the 
growing season because of overall higher monthly temperatures.  
This section discusses the effect of plant arrangement on temperate and tropical corn’s 
non-grain yield, biomass yield, plant height, and diameter; these findings quantify corn’s 
potential as feedstock for bioprocessing. In addition, the grain composition is presented as to the 
potential use in ethanol starch-based fermentation process. Furthermore, the effect of plant 
arrangement of temperate and tropical corn on fiber composition is examined. Finally, future 
inquiries and sustainability implications as to the use of tropical corn in the Midwest as a 
bioenergy feedstock are presented. 
Management Effects on Temperate and Tropical Biomass Yield 
Row spacing and the germplasm influenced stem dry matter (DM), grain yield, and 
biomass for both years (Table 4.1). Across plant density, row spacing, and nitrogen rate, tropical 
corn biomass ranged from 30 to 35 Mg ha-1 and was 15% greater than that of temperature corn, 
which ranged from 26 to 31 Mg ha-1 (Fig. 4.1). Similarly, the tropical corn non-grain biomass 
was greater than that of temperate corn, up to 25 Mg ha-1 for plots with 38 cm rows. Literature 
reports diverse corn hybrids yield a range from 7 to 13 Mg ha-1 stover DM for Corn Belt sites, 
with 76 cm rows and conventional plant densities that range from 74,000 to 79,000 plants ha-1 
(Wilhelm et al., 2011). Tropical corn had up to four fifths greater non-grain biomass than the 
reported values from Wilhelm et al. (2011), while temperate corn had nine twentieths higher 
non-grain biomass most likely attributed to row spacings and high plant densities in the present 
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study. This indicates tropical corn has high potential in terms of feedstock quantity for Gen2 
biofuel production.   
Stem DM and grain yield were significantly different among germplasm and row 
spacing. Stem DM was greater for tropical than temperate corn, at narrow row spacing (38 cm), 
and at the higher nitrogen level (200 kg ha-1). In addition, stem DM of temperate and tropical 
corn in the first year was greater over the average of the different plant densities.  
Grain yield was affected by germplasm and row spacing both years (Fig. 4.2; Fig 4.3). 
Overall, temperate corn had greater grain yields than tropical corn, which showed delayed 
silking and smaller grain yields. Temperate corn yielded from 7.4 to 11 Mg ha-1 under the high 
plant densities in the study. Tropical corn yielded 6.63 to 9 Mg ha-1, consistent with Hallauer and 
Carena (2016). Grain yield of adapted tropical corn populations grown in Iowa has fallen short of 
U.S. Corn Belt yields, with grain yields ranging between 5.13 to 7.79 Mg ha-1 grown with 76 cm 
rows and conventional plant densities as reported by Hallauer (1999) and Hallauer and Carena 
(2016).  
Temperate and tropical corn had different harvest index (HI) values (Fig. 4.2). Tropical 
corn had lower HI, ranging from 0.22 to 0.30 HI, while temperate corn had greater HI, ranging 
from 0.32 to 0.45 HI grown under high plant densities. Tropical corn in this study had a HI up to 
30% lower compared to the referenced corn, typical HI of 0.5 reported for corn (Wilhelm et al., 
2011), while temperate corn had a 12% lower HI than expected, most likely due to the high plant 
density discussed above. The lower temperate and tropical grain yields in this study might be 
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explained by the high intra-specific competence when the crop is grown for biomass production 
at high plant arrangements. 
 
Grain Quality (Density, Ethanol Yield, and Protein, Oil, Starch Concentrations) 
Nitrogen application rate influenced grain protein, oil, and starch concentrations, grain 
yield and grain density (Table 4.3; Fig. 4.8; Fig. 4.9). Since the year effect was significant for 
these grain measurements, the analyses were separated by year. These results quantify the 
relative quality of corn grain in this study and its potential use within the ethanol starch-based 
fermentation process. 
Grain density differed among germplasm (Fig. 4.6). The 120 RM corn had the lowest 
main grain density 1.22 g cm-3 (Fig. 4.6), while other entries had greater densities, ranging from 
1.24 g cm-3 to 1.26 g cm-3 in 2014 and from 1.22 g cm-3 to 1.27 g cm-3 in 2015. In the second 
year of the study, tropical corn had greater grain densities, up to 1.27 g cm-3. Grain density was 
positively correlated with grain protein concentration both years (Table 4.4). 
Tropical corn differed from temperate corn for grain protein concentration in both years 
(Table 4.3). Tropical corn had the greatest mean protein percentage of 79 g kg-1 DM for 2014 
and 70 g kg-1 DM for 2015 (Fig. 4.7a), while temperate corn protein concentrations ranged from 
73 g kg-1 DM to 78 g kg-1 DM for 2014 and 59 g kg-1 DM to 7 g kg-1 DM for 2015. In addition, 
the nitrogen level applied significantly affected grain protein percentage for both years: the 
higher the nitrogen fertilization rate, the higher the grain protein concentration (Fig 4.8). Corn 
with the recommended N fertilization rate by APSIM, which was 20 kg ha-1 greater than the ISU 
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calculator rate, resulted in greater grain nitrogen concentration. For the greater N fertilization 
rate, the mean grain protein concentration was 81 g kg-1 DM for 2014 and 66 g kg-1 DM for 
2015. For the lower N fertilization rate, the mean grain protein percentage was 72 g kg-1 DM for 
2014 and 63.3 g kg-1 DM for 2015.  
Grain oil concentration differed for germplasm both years (Fig 4.7b). Tropical corn had 
the greatest oil concentration ranging from 41 g kg-1 DM to 43 g kg-1 DM for 2014 and from 37 g 
kg-1 DM to 39 g kg-1 DM for 2015, while temperate corn oil ranged from 34 g kg-1 DM to 38 g 
kg-1 DM for 2014 and from 31 g kg-1 DM to 34 g kg-1 DM for 2015. The lowest grain oil 
concentration was found in 110 RM corn for both years (Fig 4.7b). Oil and protein 
concentrations in the grain were negatively correlated with starch concentrations (Table 4). 
Grain starch percentage significantly varied among germplasm (Fig. 4.7c), and the row 
spacing × germplasm interaction. In contrast to protein and oil concentrations results, temperate 
corn had the greatest grain starch at 615 g kg-1 DM for 2014 and 635 g kg-1 DM for 2015, while 
starch in tropical corn grain ranged from 596 g kg-1 DM to 600 g kg-1 DM for 2014 and from 614 
g kg-1 DM to 621 g kg-1 DM for 2015. Grain starch was influenced by row spacing, depending on 
the RM of the corn, the 130 RMa corn had the lowest starch at 76 cm rows for 2014, while a 
contradictory result was found in 2015 for both tropical corn (130 RMa and 130 RMb) when the 
lowest starch percentages occurred at 38 cm rows. In contrast to the negative correlation with 
protein and oil, grain starch concentration was positively correlated to ethanol yield (Table 4.4).  
Grain ethanol yield differed by the level of nitrogen applied (Fig. 4.9). Grain ethanol 
yield was greater for corn with the lower N fertilization rate, with a mean of 3.6 L L-3 for 2014 
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and 3.63 L L-3 for 2015; conversely, grain ethanol yield was 3.47 L L-3 and 3.5 L L-3 in 2014 and 
2015, respectively. 
Since the corn endosperm is predominantly starch, the embryo contains predominantly 
carbohydrates, lipids and proteins. The complete reproductive development of temperate corn, 
due to early RM, produced grain with greater starch percentage than tropical corn (Fig. 4.7c). 
Tropical corn grain was small and had greater protein and oil percentages (Fig. 4.7a-b) indicating 
most of the assimilates that reached grain were used in the embryo at the expense of starch 
reserves. Ethanol yield is dependent on starch in the starch-based fermentation process; 
therefore, the ethanol yield estimation followed the starch percentage, favoring temperate corn 
over tropical corn. 
Plant Height and Diameter 
Temperate and tropical corn had significantly different final plant height and diameter, 
and row spacing affected plant height; therefore, biomass was affected by planting practices, 
such as row spacing, providing quantification of the corn in this study as a potential feedstock for 
bioprocessing. Stem height was significantly affected by germplasm and row spacing. Tropical 
corn was taller than temperate corn, and corn grown at 38 cm rows was 10% taller than when 
planted at 76 cm rows. Significant interactions among germplasm and row spacing were in 2014, 
but not in 2015.  
Both tropical corn were taller than the temperate corn (Fig. 4.4), and plant height was 
correlated with greater biomass yield (Table 4.4; Fig. 4.3). Thus, 130 RMb was the tallest 
genotype, over the two years (µ=290 cm). The 130 RMb also had later reproductive development 
77 
 
 
 
 
 
 
compared to the temperate corn. In contrast, the 104 RM corn had the shortest height among the 
germplasm (µ=240 cm), followed by 110, 114 and 120 RM corn, respectively. The greater the 
RM, the taller the plant, and the greater the biomass. 
Commercial hybrids have a mean maximum plant height of 240 cm, as reported by 
Wilhelm et al. (2011) in corn coming from a wide range of germplasm grown in Ames, IA. 
These authors measured the height including the tassel tip and variability in their data increased 
due to breakage or loss of tassel. However, the average plant height reported in this study is the 
height of the final leaf collar.  
Firstly, the intermediate RM corn, 114 and 120 RM corn, had intermediate plant height 
among the corn in the study and yielded more grain (9 Mg ha-1 and 11 Mg ha-1) than the lower 
and greater RM corn. The 110 RM corn yielded relatively high biomass (30 Mg ha-1), it was the 
closer to that of the tropical corn in this study (32 Mg ha-1), which had the greatest biomass 
production. However, the grain dry matter yield (DMY) was a large contributor to intermediate 
RM total biomass.  
Secondly, tropical corn, the greater RM corn in this study, was the tallest corn (Fig. 4.4) 
and had the greatest stover DMY. While tropical corn had the least reproductive development 
(Fig. 4.7) and a high grain moisture of 35% at harvest, temperate corn ranged between 15% and 
25% moisture.   
Finally, low RM corn, 104 and 110 RM corn, were the shortest of the corn in the study 
(Fig. 4.4) and had the least DMY for stems. The 104 RM corn was the shortest corn and yielded 
the least total biomass under the planting practices of the experiment, whereas greater RM corn 
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was taller and had the greatest total biomass (Fig. 4.1). The greater the RM, the taller the corn 
plants, and the greater the non-grain biomass. Of these measurements, plant height is simple to 
measure and may be a valued metric to predict non-grain biomass yield.  
Several authors have suggested morphometric variables, diameter and plant height among 
them, to predict aboveground dry matter in corn, (Vega et al. 2001; Freeman et al., 2007; 
Pordesimo et al., 2004). These studies have found morphometric variables are better able to 
predict biomass outcomes during both vegetative and early reproductive growth. Overall, this 
study found plant height to be an indicator of non-grain and total biomass production.  
Tropical corn grown in the Midwest had high root and stalk lodging (Hallauer and 
Carena, 2016), which correlates with plant height. The taller the corn, the greater the lodging 
percentage. The balance among lodging and biomass yield is important to study; while plant 
height is positively proportional to yield, it is negatively associated by causing more lodging 
issues. Although increased plant height potentiates greater lodging, taken together, biomass, 
growth, and plant height indicate the high potential of tropical corn for biofuel feedstock 
quantity. 
The stem diameter at one meter above the ground differed for the row spacing × plant 
density × germplasm interaction. A smaller diameter was found in corn grown in narrow rows 
with 120,000 plants ha-1. While the 104 RM corn had the smallest diameter of all germplasm, 
greater RM corn, including tropical corn, had greater diameter. In conclusion, the greater the 
plant arrangement, denoted by narrow rows and greater plant densities, the smaller the stem 
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diameter at one meter above the ground. Considering the basal diameter of corn might result in 
greater differences between germplasm diameters.  
Few studies have measured stem diameter in corn as a morphometric variable, although 
Vega et al. (2001) found diameter did not predict biomass. Similarly, stem diameter at one meter 
above the ground did not predict yield. However, as discussed above, narrow rows in 
combination with higher plant density resulted in greater biomass yield, thinner stems, and taller 
corn, indicating a connection between smaller diameter and biomass might be studied in future 
studies.  
Feedstock Composition  
Preferably, an ideal bioenergy feedstock has a high fiber concentration, but low total ash 
and nitrogen concentrations (Sanderson et al., 1996). Since both the year by germplasm 
interaction and the year were significant, the analyses of composition were separated by year. 
Tropical corn differed significantly in cellulose and lignin concentration from temperate corn for 
both years. Temperate corn had a higher cellulose concentration than tropical corn. The cellulose 
concentration of tropical and temperate corn ranged from 340 to 430 g kg-1 DM for 2014, and 
from 350 to 442 g kg-1 DM for 2015. Tropical corn ranged from 340 to 380 g kg-1 DM for 2014 
and 350 to 382 g kg-1 DM for 2015 in cellulose concentration, while temperate corn ranged from 
392 to 430 g kg-1 DM for 2014 and 410 to 442 g kg-1 DM for 2015 in cellulose concentration.  
The 104 RM corn, the quickest maturing corn in the study, had the highest cellulose 
concentration, up to 442 g kg-1 DM in 2015 with a 38 cm row spacing. Tropical corn, which has 
the greatest RM, had the lowest cellulose concentration, averaging 365 g kg-1 DM, and a 
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minimum cellulose concentration of 340 g kg-1 DM in 2014 with a 76 cm row spacing. These 
results document that the greater the RM, the lower the cellulose concentration.  
In a comparable study conducted in China at similar latitude to the U.S. Upper Midwest, 
average cellulose concentration for a commercial corn was approximately 340 g kg-1 DM for 
corn grown with a 65 cm row spacing and a plant density of 52,500 plants ha-1 which is lower 
than the present study (Liu et al., 2009). Certainly, even the minimum cellulose concentration for 
tropical corn at the greater plant densities in the present study (100,000 and 120,000 plant ha-1) 
exceeds the averaged referenced cellulose concentration of Liu et al. (2009). Comparing 
temperate and tropical corn cellulose in this study to the literature referenced indicates that corn 
planted with greater plant densities resulted in higher cellulose concentrations, an impact greater 
on low-RM than high-RM germplasm.  
Most cell wall constituents in plants including C4, progressively increase in concentration 
toward relatively later harvest dates, while ash and nitrogen concentrations diminish (Waramit et 
al., 2011). In this respect, the present results for temperate and tropical corn of different RM 
merit additional explanation related to harvest time. Since the planting and harvest dates were the 
same for all germplasm, from mid-May to after the first killing frost, they likely were in different 
maturation stage (cell wall deposition stages). In other words, the harvest for early RM corn was 
relatively late and might allow advanced maturation, while the harvest for late RM genotypes 
was relatively early under Iowa conditions likely resulting in lower cellulose concentrations. 
Cellulose concentration was significantly affected by germplasm (Table 2; Fig. 4.11), as 
discussed above, inversely proportional to the RM, and followed this same trend for both years. 
81 
 
 
 
 
 
 
Also, the nitrogen level applied affected cellulose concentration of most germplasm (Fig. 4.10a). 
Although the first year at the ISU calculator’s level of nitrogen (180 kg ha-1), the cellulose 
concentration was mostly higher for the 120 RM corn, the highest-RM temperate corn, and for 
tropical corn, the cellulose concentration in the second year was higher in both tropical and 
temperate corn at the APSIM recommendation’s level of nitrogen (200 kg ha-1). This 
contradicting result of the late-RM corn during 2014, might be explained by environmental 
differences between the years. 
Biochemical conversion systems require feedstock with high cellulose concentration, 
along with other desired fibers, to excel in the efficient use of fermentable sugars in the liquid 
ethanol synthesis (Datar et al., 2004). Corn grown at the high plant densities used in this study 
had greater cellulose concentrations than corn produced lower densities (Liu et al., 2009). 
Further research using a broader range of plant densities might reveal possible correlations of 
plant densities to cellulose concentration.  
When analyzing each tissue individually (Table 4.2; Fig. 4.11a-d), stems, the most 
important tissues of the non-grain biomass, were significantly affected by germplasm and 
nitrogen level for both years (Fig. 4.10a; Fig. 11a). Stems had the greatest cellulose 
concentration, while cobs, husks, and leaves resulted in lower cellulose concentrations. This is 
consistent with Griffin et al. (1998) and Jung et al. (1992), who reported that grass stems had 
greater fiber concentrations than leaves.  
Hemicellulose is a desired fiber component for the biochemical conversion process to 
produce ethanol (Datar et al., 2004). Total hemicellulose did not vary among the germplasm and 
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management treatments in this study. Mean hemicellulose concentration across corn germplasm 
ranged from 344 to 365 g kg-1 DM for 2014, and from 347 to 366 g kg-1 DM for 2015. Tropical 
corn ranged from 348 to 358 g kg-1 DM for 2014 and 353 to 366 g kg-1 DM for 2015 in 
hemicellulose concentration. Temperate corn ranged from 344 to 365 g kg-1 DM for 2014 and 
347 to 366 g kg-1 DM for 2015 in hemicellulose concentration. According to Liu et al. (2009), 
hemicellulose concentration for a commercial genotype was approximately 150 g kg-1 DM for 
corn grown at a lower plant density and with conventional row spacing as mentioned above. The 
hemicellulose values in the present study were greater than corn hemicellulose values reported 
by Liu et al. (2009).  
The non-grain component tissue hemicellulose, similar to cellulose, differed for 
temperate and tropical corn (Fig. 4.12a-d); among the non-grain tissues, husk had the greatest 
hemicellulose concentration. Stem hemicellulose was affected by germplasm and level of 
nitrogen both years. Corn that received the lower N fertilization rate had greater hemicellulose 
concentration for both years.  
Lignin concentrations were significantly different between germplasm. Since the year 
effect was significant, the analysis was separated by year. Lignin concentration ranged from 22 
to 29 g kg-1 DM for 2014, and from 24 to 34 g kg-1 DM for 2015. Tropical corn ranged from 22 
to 28 g kg-1 DM for 2014 and 24 to 30 g kg-1 DM for 2015 in lignin concentration. Temperate 
corn ranged from 25 to 29 g kg-1 DM for 2014 and 29 to 34 g kg-1 DM for 2015 in lignin 
concentration. Higher lignin concentrations were found in germplasm that received 180 kg ha-1 N 
(Fig. 4.10a). The 120 RM corn had the highest lignin concentration (up to 34 g kg-1 DM in 
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2015), followed by 110 RM corn. The lignin concentration reported by Liu et al. (2009) for 
commercial corn was approximately 18 g kg-1 DM. Lignin concentrations in the present study 
are greater than reported in the literature. High lignin concentrations are preferred for 
thermochemical rather than biochemical conversion systems because of the reduced availability 
of fermentable monomers from cellulose and hemicellulose, causing a decline in ethanol yield 
(Hayn et al., 1993; Sun et al., 2002).  
Taken together, comparing temperate and tropical corn cellulose, hemicellulose, and 
lignin in this study to that in literature indicates corn in this study had greater fiber 
concentrations than reported, although it might be attributed to differences in method or 
germplasm. In this case, lignin and cellulose concentrations were higher when 180 kg ha-1 N was 
applied (Fig. 4.10a).  
The lignin concentration of non-grain tissues, as for all other fiber components of 
temperate and tropical corn were significantly different (Fig. 4.13a-d); stems had the greatest 
lignin concentration among the non-grain tissues, up to 55 g kg-1 DM. Stem lignin concentration 
was significantly affected by germplasm and level of nitrogen both years. The corn with the Iowa 
ISU calculator’s level of nitrogen applied (180 kg ha-1) had the higher lignin concentration for 
both years, similar to the case of cellulose. Lignin concentration was negatively correlated to 
cellulose concentration (r=-0.86). 
Late RM corn, such as, tropical corn, have comparatively younger tissues by the time 
first killing frost hit, tissues still photosynthesizing are not converting carbohydrates into 
structure sclerenchyma (deposition of cell wall components). Harvesting plants under the present 
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scenario before grain fully matures, as happened with greater RM corn, have less lignocellulose 
concentration. In contrast, the other RM corn will reach their maximum concentration and 
remains until harvest.  
These results provide a guideline for choosing a germplasm type and planting practices 
when growing corn for biomass production. Tropical corn had the lowest lignin concentration. 
Biochemical or thermochemical conversion processes require specific feedstock compositions. 
The conversion process used ultimately determines the most important values required for crop 
composition. 
In addition to high fiber concentrations, lower ash and nitrogen are desirable in an ideal 
bioenergy feedstock (Sanderson et al., 2007). Low ash concentrations are desired for both 
thermochemical and biochemical conversion systems (Hayn et al., 1993; Sun et al., 2002). High 
ash concentrations in the feedstock limits the conversion process (Ablevor et al., 1992). The total 
ash concentration was significantly different between germplasm. The ash concentration ranged 
from 30 to 86 g kg-1 DM. Tropical corn ranged from 35 to 50 g kg-1 DM, while temperate corn 
ranged from 30 to 86 g kg-1 DM. The ash concentration reported by Liu et al. (2009) for the 
commercial genotype described above was approximately 64 g kg-1 DM. The ash concentrations 
in the present study are lower for both tropical and temperate corn than reported in the literature. 
Non-grain tissue ash concentrations, except cobs, were significantly affected by germplasm both 
years (Fig. 4.14a-d). The leaf ash concentration was significantly affected by nitrogen level (Fig. 
16). The higher the nitrogen level, the greater the leaf ash concentration. 
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The nitrogen concentration of all temperate and tropical corn decreased progressively 
through the growing season and varied significantly among germplasm at harvest.  Tropical corn 
had the highest nitrogen at harvest, high nitrogen concentrations in the feedstock, as in the case 
of high ash concentrations, limit the efficiency of the conversion process (Ablevor et al., 1992). 
Non-grain tissue nitrogen was significantly affected by germplasm (Fig. 4.15a-d). Tropical corn 
had tissues with greater nitrogen than temperate corn.  
Future Research and Sustainability Implications for the Potential of Tropical Corn 
The Energy Independence and Security Act set a goal to increase the production of 
renewable fuels fourfold by 2022. An amount of 254,952 km2 of land in the U.S. was estimated 
to be required for energy crop production to meet this demand (Wight et al., 2013). Two 
different approaches to meeting this demand may follow different initial strategies.  One strategy 
focuses on maximizing the immediate quantity of feedstock (weight mass production) by 
harvesting the whole aboveground biomass; the other is to harvest a percentage of the 
aboveground biomass (from promising dedicated or non-dedicated crop) in order to conserve 
resources and keep bioenergy production sustainable over time. Some tropical countries have 
experienced overuse of soil as a resource as a consequence of the first scenario, which is 
ultimately focused on direct yields. The imperative for immediate economic return provided 
several lessons; carbon (C) pools were negatively impacted by soil organic matter (SOM) loss 
being only one of them. Thus, when studying recommended agricultural activities for biomass 
production, it is important to consider sustainability over time. Using promising germplasm, such 
as tropical corn, as a bioenergy feedstock will provide more flexibility for decision making when 
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studying an integrated production system for lignocellulosic ethanol. Further research might 
investigate the long-term benefits in terms of sustainability of promising germplasm when 
leaving percentages of stover in the field at biomass harvest, as well as the benefits of possible 
rotation systems, taking advantage of the differences in quantity of the germplasm’s feedstock at 
harvest. 
 “Biomass corn” in this study used similar practices to those used for conventional corn 
grain production. In Iowa, corn predominantly is grown in a corn-soybean system; the inclusion 
of tropical corn within this current cropping system potentially shows high biomass 
accumulation from these germplasm over time when compared to temperate hybrids at higher 
populations; However, biomass corn might impact C pools due to the relative amount of roots 
from greater plant densities. Variation for C pools occur because of both the removal of stover 
from the soil surface (by harvesting above biomass) and the amount of residual roots. If residue 
inputs are removed from this system, a decrease in SOC from soil C pools will be expected 
(Wight et al., 2013); therefore, further research is required to quantify this impact in the short- 
and long-term.   
Corn is currently used in starch-based ethanol production, but RFS standards cannot be 
met with corn grain alone. The use of lignocellulosic feedstock is necessary, and Gen2 fuels are 
anticipated to use corn stover as feedstock. Currently, stalks can be harvested separately from the 
grain with wagons attached to the combine, which makes possible a double purpose source of 
energy. Grain could go to the conventional ethanol process, and stover could be used for 
obtaining ethanol from lignocellulosic processing.   
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There is limited evidence about the potential of biomass production of tropical 
germplasm grown in temperate regions in marginal lands. Despite the lack of evidence in a 
scenario like this, biomass potential could be limited under these conditions with a different level 
of intensity than for temperate corn, since corn responds to high levels of mineral nutrition and 
soil fertility. Further research might consider these scenarios in which dedicated and non-
dedicated bioenergy crops compete with food crops by land class. The ability of a bioenergy crop 
to grow in marginal lands might have potential advantages as a feedstock for Gen2 biofuels.  
Conclusions 
Corn plant arrangement influenced growth and yield. Nitrogen fertilization rate 
influenced grain and feedstock composition. Narrower rows (38 cm) led to taller plants, smaller 
stem diameter, and greater biomass yield. Tropical corn in this study was successfully produced 
under Iowa conditions. Tropical corn had taller thicker stems, a 15% greater biomass yield, and a 
40% greater non-grain biomass yield than temperate corn. However, tropical corn had lower 
cellulose and lignin concentrations than temperate corn. Since lignin is an important structural 
component, which helps to support the whole plant and to control lodging, the choice of which 
corn to use should be driven by decisions about both the ethanol conversion system and the corn 
lodging percentage.  
Concentrations of stem fibers in temperate and tropical corn were greater in this study 
than in others reported from corn grown at the same latitude as the U.S. Corn Belt. The most 
important tissue in terms of feedstock composition is the stem; stems have the greatest non-grain 
DM and the greatest cellulose, hemicellulose, and lignin concentrations of all non-grain tissues. 
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As discussed above, stem lignin concentration was consistently greater for corn with 180 kg ha-1 
of N applied two weeks prior to planting; therefore, refinement of the nitrogen rate influencing 
lignin concentration might be valuable. This refinement could be useful, depending on the 
conversion system used to produce fuel. Although tropical corn had relatively low fiber 
concentrations, it had the lowest ash concentration, a desirable trait for feedstock used in any 
ethanol conversion system. However, total nitrogen, the other undesirable feedstock component 
for bioprocessing, was relatively higher in tropical corn than temperate corn.  
In terms of grain composition, tropical corn grown under Iowa conditions at high plant 
densities had greater concentrations of protein and oil than temperate corn. Similarly, tropical 
corn grain had greater density and the smallest kernel size, resulting in the lowest starch 
percentage and ethanol yield. The greater N fertilization rate resulted in greater N concentration 
in grain; it would be interesting to look at lower nitrogen concentrations in further research. 
While the tropical corn composition in this study had pros and cons from the ethanol conversion 
perspective, the significant advantage in biomass yield still allows tropical corn to be considered 
as a promising feedstock for Gen 2 biofuels. 
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Table 4.1. Analysis of variance for diameter, plant height, biomass, grain yield, stem dry matter 
(DM), and leaf DM of temperate and tropical corn during 2014 and 2015 growing seasons in 
Boone, IA.    
Source of 
Variation 
 
df Diameter Height Biomass 
  2014 2015 2014 2015 2014 2015 
Block 3 4.52** 0.69 2.35 4.36* 6.49*** 4.52** 
Row spacing (RS) 1 3.3 0.69 13.34** 7.8* 66.58*** 7.82** 
Planting density 
(PD) 
1 
1.8 0.04 1.04 0.1 12.22*** 5.6* 
RS*PD 1 0.42 2.2 0.4 0.52 0.59 3.98 
Nitrogen level (N) 1 0.12 0.13 0.12 0.13 0.4 0.13 
RS*N 1 0.59 0.01 0.59 0.01 2.69 0.01 
PD*N 1 0.32 1.14 0.32 1.14 0.01 1.14 
RS*PD*Nitro 1 0.05 0.05 0.05 0.05 <0.01 0.05 
Germplasm (G) 5 1*** 3.37** 48.96*** 46.8*** 5.43*** 18.96*** 
RS*G 5 1.22 0.34 3.35** 0.53 0.4 1.12 
PD*G 5 0.11 1.48 0.54 0.06 0.27 0.28 
RS*PD*G 5 3.21* 2.72* 1.29 0.03 1.8 0.35 
G*N 5 2.08 0.69 2.08 0.69 0.66 0.69 
RS*G*N 5 0.42 0.06 0.42 0.06 0.75 0.06 
PD*G*N 5 0.88 2.46* 0.88 2.46* 0.29 2.46* 
RS*PD*G*N 5 1.08 1.84 1.08 1.84 1.41 1.84 
Source of 
Variation 
 
df Grain Yield Leaf DM Stem DM 
  2014 2015 2014 2015 2014 2015 
Block 3 4.17* 4.72** 0.81 4.78** 4.08** 3.77* 
Row spacing (RS) 1 51.51*** 84.97*** 0.43 0.1 39.75*** 0.14 
Planting density 
(PD) 
1 
2.34 5.78* 4.07 0.07 16.38*** 1* 
RS*PD 1 0.2 15.96*** 0.01 0.8 1.02 1.04 
Nitrogen level (N) 1 0.02 0.1 1.03 0.13 5.11* 0.22 
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* Significant at the 0.05 probability level / ** Significant at the 0.01 probability level/ 
***Significant at the 0.001 probability level. 
 
 
 
 
 
 
 
 
 
 
Table 4.1. continued 
 
 
      
RS*N 1 4.3* 0.01 1.33 0.01 2.33 0.01 
PD*N 1 0.7 1.3 0.6 1.14 0.37 0.51 
RS*PD*Nitro 1 0.19 0 0.31 0.05 0.14 1.15 
Germplasm (G) 5 3.83** 8.64*** 14.16*** 42.21*** 33.63*** 50.59*** 
RS*G 5 0.29 2.78* 1.33 1.67 0.13 1.89 
PD*G 5 0.2 0.47 1.22 1.47 1.55 0.78 
RS*PD*G 5 1.35 0.36 0.74 0.66 2.34* 0.88 
G*N 5 0.83 0.61 0.44 0.69 0.52 0.93 
RS*G*N 5 0.76 0.05 1.2 0.06 1.53 0.11 
PD*G*N 5 0.33 1.86 0.62 2.46* 0.08 5.65*** 
RS*PD*G*N 5 1.14 1.21 0.45 1.84 0.84 5.18*** 
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Table 4.2. Analysis of variance for cellulose, hemicellulose, lignin, ash concentrations and total 
nitrogen in cobs, husks, leaves, and stems of temperate and tropical corn during 2014 and 2015 
growing seasons in Boone, IA. There was a significant effect of year in each tissue, except husk 
lignin and leaf hemicellulose; therefore, all comparisons were made within each year.    
Hemicellulose 2014       2015       
Source of Variation Cobs Husk Leaves Stems Cobs Husk Leaves Stems 
Block 1.12 0.79 2.7 6.21*** 1.92 1.17 11.86** 8.05** 
Row spacing (RS) 1.26 0.75 0.04 18.38*** 3.25 <0.01 2.11 3.6 
Planting date (PD) 0.05 0.36 <0.01 0.46 0.7 1.31 0.1 0.28 
RS*PD 0.11 0.03 0.05 0.64 0.74 0.38 0.13 4.33 
Nitrogen level (N) 2.72 0.04 1.84 12.38*** 0.76 0.18 9.87** 23.67*** 
RS*N 0.25 0.85 2.55 4.54* 0.14 0.39 4.93* 1.36 
PD*N 0.31 <0.01 0.4 2.2 0.06 2.04 0.64 1.13 
RS*PD*Nitro 0.04 4.1* 0.34 0.33 0.46 1.89 1.16 9.59** 
Germplasm (G) 22.42*** 3.18* 3.17* 13.43*** 13.08*** 7.4*** 5.38*** 15.57*** 
RS*G 0.42 0.82 0.43 0.5 5.61*** 2.35 1.95 3.72** 
PD*G 1.56 2.28 0.51 1.21 1.91 0.4 0.55 0.4 
RS*PD*G 0.86 1.5 0.43 1.75 0.67 0.7 1.11 0.34 
G*N 0.66 0.15 1.23 3.76** 0.65 2.85* 3.21* 0.36 
RS*G*N 0.37 0.91 1.7 0.66 0.93 0.25 2.06 1.37 
PD*G*N 0.38 2.2 2.4* 0.54 0.33 0.69 0.82 0.97 
RS*PD*G*N 0.59 0.69 1.36 0.09 1.18 0.26 0.78 1.47 
Cellulose 2014    2015    
Source of Variation Cobs Husk Leaves Stems Cobs Husk Leaves Stems 
Block 2.51 0.67 0.29 1.21 0.98 3.94* 0.65 0.74 
Row spacing (RS) 2.48 13.07** 13.64** 10.49** 4.02* 6.33* 2.23 5.35* 
Planting date (PD) 0.23 0.44 0.07 0.24 0.54 0.2 5.71* 1.1 
RS*PD 0.64 0.05 2.38 1.16 0.19 2.26 0.28 0.48 
Nitrogen level (N) 1.27 0.43 11.12** 6.57* 1.02 0.73 0.33 5.16* 
RS*N 3.5 0.07 0.14 3.11 0.13 0.94 0.59 0.8 
PD*N 0.73 2.05 0.18 0.01 0.02 0.01 1.48 0.8 
RS*PD*Nitro 2.78 2.68 2.92 0.78 0.02 1.07 0.25 0.3 
Germplasm (G) 91.04*** 14.28*** 20.82*** 49.4*** 66.47*** 22.95*** 17.77*** 65.06*** 
RS*G 0.87 1.76 1.26 6.28 2.37* 1.64 1.2 4.39** 
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Table 4.2. continued.        
        
PD*G 2.28 1.2 0.52 1.75 0.17 0.36 1.58 0.42 
RS*PD*G 1.38 1.07 0.66 0.77 0.94 0.93 0.27 0.59 
G*N 0.9 0.88 1.17 0.8 0.2 1.65 1.16 0.11 
RS*G*N 0.96 0.62 0.94 1.22 0.27 0.45 0.98 0.19 
PD*G*N 0.9 1.92 1.87 1.93 0.28 0.64 0.41 1.52 
RS*PD*G*N 0.73 1.11 0.9 0.64 0.82 0.23 1.2 0.94 
Lignin 2014       2015       
Source of Variation Cobs Husk Leaves Stems Cobs Husk Leaves Stems 
Block 1.65 0.59 1.44 3.56* 0.77 2.82 0.65 2.57 
Row spacing (RS) 13.34** 0.72 2.1 8.85** 7.99* 4.61 0.98 5.17* 
Planting date (PD) 0.04 0.28 0.06 <0.01 0.12 0.41 0.07 0.21 
RS*PD 0.22 <0.01 0.04 0.78 0.4 4.43 0.57 0.86 
Nitrogen level (N) 0.07 1.22 0.02 5.24* 5.76* 12.11*** 3.02 41.51*** 
RS*N 0.14 0.01 0.19 1.02 0.93 0.28 1.13 0.27 
PD*N 0.5 0.09 1.33 0.41 0.02 0.4 0.18 0.54 
RS*PD*Nitro 0.02 1.55 4.41* 1.07 2.31 1.45 0.87 1.98 
Germplasm (G) 44.33*** 2.03 2.52* 5.68*** 14.85*** 6.04*** 8.92*** 19.32*** 
RS*G 1.9 1.13 0.93 5.52*** 0.89 0.21 3.28** 5.39*** 
PD*G 1.15 0.67 0.98 1.14 0.91 1.73 0.5 0.54 
RS*PD*G 0.24 1.43 0.92 0.39 0.96 0.3 0.6 1.19 
G*N 0.13 0.64 1.12 0.49 1.21 2.85* 2.74* 1.45 
RS*G*N 0.74 0.3 1.74 1.14 0.58 1.17 0.43 0.24 
PD*G*N 0.35 0.71 1.49 1.01 0.47 0.65 1.56 0.68 
RS*PD*G*N 1.12 3.02* 2.2 1.11 1.31 0.47 0.39 1.59 
Ash 2014       2015       
Source of Variation Cobs Husk Leaves Stems Cobs Husk Leaves Stems 
Block 0.29 0.41 3.75* 0.44 0.43 2.83* 1.28 0.12 
Row spacing (RS) 0.09 1.97 3.54 5.35* 0.56 0.9 0.97 0.65 
Planting date (PD) 0.23 1.29 0.08 1.14 0.2 2.24 1.64 0.72 
RS*PD 1.07 2.84 0.15 1.39 0.64 0 0.23 1.97 
Nitrogen level (N) 4.6* 0.7 9.54** 0.71 0.89 7.34** 16.54*** 1.4 
RS*N 7.43** 1.04 0.88 0.06 1 1.16 0.01 2.87 
PD*N 0.01 0.2 0.12 0.08 0.93 0.27 0.1 2.18 
RS*PD*Nitro 0.04 1.45 1.39 0.21 0.14 3.38 0 0.59 
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Table 4.2. continued.        
         
Germplasm (G) 5.73*** 29.71*** 72.55*** 7.7*** 3.49** 54.26*** 17.11*** 3.6** 
RS*G 0.35 1.49 0.49 3.18* 0.24 0.67 1.53 1.04 
PD*G 1.38 0.6 0.81 1.15 1.1 0.37 0.6 0.85 
RS*PD*G 0.69 0.73 0.47 0.69 0.63 0.61 0.42 1.44 
G*N 0.65 0.22 0.38 1.47 0.33 2.36* 0.86 0.35 
RS*G*N 0.67 0.79 1.32 0.13 1.84 0.5 0.46 1.44 
PD*G*N 0.88 0.37 0.8 0.59 0.62 0.52 0.66 0.86 
RS*PD*G*N 1.22 0.94 1.3 0.76 1.77 1.23 0.89 0.45 
Total Nitrogen 2014       2015       
Source of Variation Cobs Husk Leaves Stems Cobs Husk Leaves Stems 
Block 0.85 0.65 3.39 4.1** 0.75 0.7 5.51* 2.75* 
Row spacing (RS) 3.87 9.75** 15.84** 4.85* 1.43 1.03 2.64 3.1 
Planting date (PD) 0.11 <0.01 0.01 0.19 0.09 1.35 4.66 1.8 
RS*PD 1.95 1.06 3.01 0.02 0.2 3.75 0.66 4.22* 
Nitrogen level (N) 3.27 2.7 39.18*** 37.89*** 4.88* 0.06 10.26** 2.15 
RS*N 9.79** 0.39 0.66 13.23*** 0.3 0.67 0.18 2.95 
PD*N 0.24 0.22 0.98 0.26 0.9 0.13 0.21 0.16 
RS*PD*Nitro 0.4 0.02 5.87* 3.02 0.97 0.21 0.34 1.86 
Germplasm (G) 28.6*** 24.81*** 45.55*** 13.29*** 42.88*** 7.93*** 8.11*** 14.17*** 
RS*G 1.26 1.02 0.18 3.9** 3.29* 2.19 2.14 5.54*** 
PD*G 0.98 0.97 0.75 1.56 0.19 0.58 1.31 0.13 
RS*PD*G 1.09 0.45 0.5 1.25 1.26 1.76 1.21 0.09 
G*N 0.84 0.62 0.49 0.64 1.5 1.12 3.5** 1.1 
RS*G*N 0.59 0.57 0.1 1.34 0.35 0.21 1.02 0.83 
PD*G*N 1.76 1.04 1.8 1.4 0.63 0.18 0.59 1.57 
RS*PD*G*N 0.68 0.69 0.69 0.39 0.33 0.09 1.59 1.19 
* Significant at the 0.05 probability level / ** Significant at the 0.01 probability level/ 
***Significant at the 0.001 probability level. 
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Table 4.3. Analysis of variance for grain ethanol yield (L L-1), grain density (1,000 kg m-3), 
starch (g kg-1 DM), protein (g kg-1 DM), and oil (g kg-1 DM) concentrations during 2014 and 
2015 growing seasons in Boone, IA. There was a significant effect of year, all comparisons were 
made within each year.    
Source of 
Variation 
Ethanol Yield Kernel Density   
2014 2015 2014 2015   
Block 2.57 3.59 0.06 1.85   
Row spacing 
(RS) 1.44 2.18 1.08 2.81   
Planting date 
(PD) 2.19 0.42 0.2 2.99   
RS*PD 0.31 0.66 1.33 6.04*   
Nitrogen level 
(N) 6.22* 6.25* 0.04 10.26**   
RS*N 0.19 2.03 0.63 0.73   
PD*N 0.4 0.11 0.05 0.43   
RS*PD*Nitro 2.02 1.52 3.61 1.21   
Germplasm (G) 0.51 6.8*** 36.72*** 44.05***   
RS*G 0.63 1.46 1.64 1.65   
PD*G 0.88 0.71 0.52 1.17   
RS*PD*G 0.97 0.23 1.63 0.88   
G*N 0.5 0.23 1.25 1.14   
RS*G*N 0.34 1.28 1.47 1.52   
PD*G*N 0.86 0.81 0.63 0.5   
RS*PD*G*N 0.93 0.4 1.93 1.41   
 Starch g kg-1 Protein g kg-1 Oil g kg-1 
Source of 
Variation 2014 2015 2014 2015 2014 2015 
Block 4.92* 0.84 11.86** 3.44 0.68 0.76 
Row spacing 
(RS) 7.31* 6.46* 2.79 1.94 1.6 1.72 
Planting date 
(PD) 1.7 0.22 0.85 0.29 0.27 2.35 
RS*PD 2.65 1.09 0.16 1.16 0.35 0.06 
Nitrogen level 
(N) 82.28*** 0.3 114.33*** 6.87* 1.19 8.34** 
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Table 4.3. continued.      
      
RS*N 29.27*** 0.11 25.35*** 1.84 1.06 0.11 
PD*N 1.21 <0.01 0.64 0.09 0.18 0.07 
RS*PD*Nitro 1.08 1.81 1.76 1.7 0.37 0.44 
Germplasm (G) 56.44*** 24.28*** 3.11* 8.58*** 60.33*** 23.36*** 
RS*G 3.59** 2.5* 2.97* 2.1 2.07 0.79 
PD*G 0.9 0.36 2.59* 0.97 1.85 0.9 
RS*PD*G 1.04 0.3 0.79 0.29 1.33 0.05 
G*N 0.55 1.42 1.32 0.52 1 4.62** 
RS*G*N 1.51 1.09 0.96 0.9 1.97 0.85 
PD*G*N 1.62 0.5 2.06 0.73 1.42 0.67 
RS*PD*G*N 0.3 1.88 0.82 0.47 0.74 0.8 
 
* Significant at the 0.05 probability level / ** Significant at the 0.01 probability level/ 
***Significant at the 0.001 probability level. 
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Table 4.4. Pearson correlation coefficients for protein concentration, oil concentration, starch 
concentrations, grain density, and ethanol yield (grain quality) and cellulose, hemicellulose, 
lignin, ash, and nitrogen concentrations (total non-grain, cobs, husks, leaves, and stems), of 
temperate and tropical corn during 2014 and 2015 growing seasons in Boone, IA.  
 
1. Grain Quality Protein Oil Starch Density Ethanol 
Protein 1 0.33*** -0.82*** 0.38*** -0.35*** 
Oil 0.33*** 1 -0.61*** 0.37*** -0.16** 
Starch -0.82*** -0.61*** 1 -0.40*** 0.27*** 
Density 0.38*** 0.37*** -0.40*** 1 -0.09 
Ethanol -0.35*** -0.16** 0.27*** -0.09 1 
2. Total Non-
grain  Cel Hemi Lig Ash TN 
Cel 1 -0.53*** 0.80*** -0.03 -0.83*** 
Hemi -0.53*** 1 -0.84*** -0.47*** 0.25*** 
Lig 0.80*** -0.84*** 1 0.13*** -0.63*** 
Ash -0.03 -0.47*** 0.13*** 1 0.26*** 
TN -0.83*** 0.25*** -0.63*** 0.26*** 1 
Cobs Cel Hemi Lig Ash TN 
Cel 1 -0.55*** 0.81*** -0.09* -0.85*** 
Hemi -0.55*** 1 -0.86*** -0.44*** 0.29*** 
Lig 0.81*** -0.86*** 1 0.10* -0.66*** 
Ash -0.09* -0.44*** 0.10* 1 0.36*** 
TN -0.85*** 0.29*** -0.66*** 0.36*** 1 
Husks Cel Hemi Lig Ash TN 
Cel 1 0.19*** 0.52*** 0.28*** -0.82*** 
Hemi 0.19*** 1 -0.44*** 0.22*** -0.45*** 
Lig 0.52*** -0.44*** 1 -0.11* -0.32*** 
Ash 0.28*** 0.22*** -0.11* 1 -0.21*** 
TN -0.82*** -0.45*** -0.32*** -0.21*** 1 
Leaves Cel Hemi Lig Ash TN 
Cel 1 -0.26*** 0.43*** 0.17** -0.71*** 
Hemi -0.26*** 1 -0.44*** -0.09 -0.22*** 
Lig 0.43*** -0.44*** 1 0.25*** -0.34*** 
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Table 4.4. continued.     
      
Ash 0.17** -0.09 0.24*** 1 -0.25*** 
TN -0.71*** -0.22*** -0.34*** -0.21*** 1 
Stems Cel Hemi Lig Ash TN 
Cel 1 0.12* 0.73*** 0.01 -0.74*** 
Hemi 0.12* 1 -0.09 0.001 -0.30*** 
Lig 0.73*** -0.09 1 0.05 -0.72*** 
Ash 0.01 0.001 0.05 1 0.12* 
TN -0.74*** -0.30*** -0.72*** 0.12* 1 
 
* Significant at the 0.05 probability level / ** Significant at the 0.01 probability level/ 
***Significant at the 0.001 probability level. 
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Fig. 4.1. Total biomass for temperate (white bars) and tropical (black bars) corn during 2014 and 
2015 growing seasons. The asterisks describe comparisons among germplasm each year:  
* Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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Fig. 4.2. Harvest Index (HI) for temperate (white bars) and tropical (black bars) corn during 2014 
and 2015 growing seasons. The asterisks describe comparisons among germplasm each year:  
* Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
 
0.2
0.22
0.24
0.26
0.28
0.3
0.32
0.34
0.36
0.38
P0
40
7A
M
X
T-
10
4
P1
02
3A
M
-1
10
P1
49
8A
M
-1
14
P2
08
9A
M
-1
20
30
F3
5H
R-
13
0
30
F5
3H
-1
30
P0
40
7A
M
X
T-
10
4
P1
02
3A
M
-1
10
P1
49
8A
M
-1
14
P2
08
9A
M
-1
20
30
F3
5H
R-
13
0
30
F5
3H
-1
30
2014 2015
H
I
Temperate and Tropical Corn
***
***
***
***
250
300
350
400
450
500
550
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
2014 2015
St
em
 C
el
lu
lo
se
 C
o
nc
en
tr
at
io
n 
(g
 k
g-
1 D
M
)
Temperate and Tropical Corn
******
***
***
100 
 
 
 
 
 
 
 
Fig. 4.3. Plant height (black bars), total biomass (white bars), and grain yield (ray bars) 
combined for temperate and tropical corn for two row spacings and two growing seasons. The 
asterisks describe comparisons among germplasm each year: * Significant at the 0.05 probability 
level, ** Significant at the 0.01 probability level, ***Significant at the 0.001 probability level. 
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Fig. 4.4. Plant height for temperate (white bars) and tropical (black bars) corn during 2014 and 
2015 growing seasons. The asterisks describe comparisons among germplasm each year:  
* Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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Fig. 4.5. Diameter for temperate (white bars) and tropical (black bars) corn during 2014 and 
2015 growing seasons. The asterisks describe comparisons among germplasm each year:  
* Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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Fig. 4.6. Differences in grain density among temperate (white bars) and tropical (black bars) corn 
over 2014 and 2015 in Boone County, IA. The asterisks describe comparisons among germplasm 
each year: * Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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a       b 
  
 
c       d 
 
  
 
Figs. 4.7(a-d). Differences in grain composition among temperate (white bars) and tropical 
(black bars) corn in terms of (a) protein, (b) oil, (c) starch, and (d) ethanol yield during 2014 and 
2015 in Boone County, IA. The asterisks describe comparisons among germplasm each year:  
* Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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Fig. 4.8. Effect of nitrogen rate on grain protein (white bars), oil (white bars), and starch (black 
bars) concentrations during two growing seasons averaged for temperate and tropical corn grown 
in Boone County, I.A. The asterisks describe comparisons among germplasm each year:  
* Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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Fig. 4.9. Effect of nitrogen rate on grain density (g kg -1; black bars) and estimated ethanol yield 
(bu ha-1; white bars) during two growing seasons averaged over temperate and tropical corn 
grown in Boone County, IA. The asterisks describe comparisons among germplasm each year:  
* Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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Fig. 4.10. Nitrogen effect on feedstock composition for temperate and tropical corn. (a) Effect of 
nitrogen rate on stem cellulose (white bars), hemicellulose (gray bars), and lignin (gray bars) 
108 
 
 
 
 
 
 
concentrations during two growing seasons for temperate and tropical corn grown in Boone 
County, IA. (b) Effect of nitrogen rate on stem ash (white bars) and nitrogen (black bars) 
concentrations for temperate and tropical corn grown in Boone County, IA. The asterisks 
describe comparisons among germplasm each year: * Significant at the 0.05 probability level, ** 
Significant at the 0.01 probability level, ***Significant at the 0.001 probability level. 
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a       b 
 
 
c       d 
 
 
Figs. 4.11(a-d). Differences in cellulose concentrations among temperate and tropical corn by (a) 
stems, (b) leaves, (c) husks, and (d) cobs during 2014 and 2015 in Boone County, IA. The 
asterisks describe comparisons among germplasm each year: * Significant at the 0.05 probability 
level, ** Significant at the 0.01 probability level, ***Significant at the 0.001 probability level. 
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Figs. 4.12(a-d). Differences in hemicellulose concentrations among temperate and tropical corn 
by (a) stems, (b) leaves, (c) husks, and (d) cobs during 2014 and 2015 in Boone County, IA. The 
asterisks describe comparisons among germplasm each year: * Significant at the 0.05 probability 
level, ** Significant at the 0.01 probability level, ***Significant at the 0.001 probability level. 
 
 
 
 
250
300
350
400
450
500
550
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
2014 2015
St
e
m
 C
e
ll
u
lo
se
 C
o
n
ce
n
tr
at
io
n
 (
g 
k
g-
1
D
M
)
Temperate and Tropical Corn
***
***
***
***
250
300
350
400
450
500
550
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
2014 2015
St
e
m
 C
e
ll
u
lo
se
 C
o
n
ce
n
tr
at
io
n
 (
g 
k
g-
1
D
M
)
Temperate and Tropical Corn
***
***
***
***
250
300
350
400
450
500
550
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
2014 2015
St
e
m
 C
e
ll
u
lo
se
 C
o
n
ce
n
tr
at
io
n
 (
g 
k
g-
1
D
M
)
Temperate and Tropical Corn
***
***
***
***
250
300
350
400
450
500
550
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
104  
RM
110  
RM
114  
RM
120  
RM
130  
RMa
130  
RMb
2014 2015
St
e
m
 C
e
ll
u
lo
se
 C
o
n
ce
n
tr
at
io
n
 (
g 
k
g-
1
D
M
)
Temperate and Tropical Corn
***
***
***
***
111 
 
 
 
 
 
 
 
 
a       b 
 
 
c       d 
 
 
 
Figs. 4.13(a-d). Differences in lignin concentrations among temperate and tropical corn by (a) 
stems, (b) leaves, (c) husks, and (d) cobs during 2014 and 2015 in Boone County, IA. The 
asterisks describe comparisons among germplasm each year: * Significant at the 0.05 probability 
level, ** Significant at the 0.01 probability level, ***Significant at the 0.001 probability level. 
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Figs. 4.14(a-d). Differences in total ash concentrations among temperate and tropical corn by (a) 
stems, (b) leaves, (c) husks, and (d) cobs during 2014 and 2015 in Boone County, IA. The 
asterisks describe comparisons among germplasm each year: * Significant at the 0.05 probability 
level, ** Significant at the 0.01 probability level, ***Significant at the 0.001 probability level. 
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Figs. 4.15(a-d). Differences in total nitrogen concentrations among temperate and tropical corn 
by (a) stems, (b) leaves, (c) husks, and (d) cobs during 2014 and 2015 in Boone County, IA. The 
asterisks describe comparisons among germplasm each year: * Significant at the 0.05 probability 
level, ** Significant at the 0.01 probability level, ***Significant at the 0.001 probability level. 
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Fig. 4.16. Effect of nitrogen rate on leaf ash concentration (g kg -1) during two growing seasons 
averaged over temperate and tropical corn grown in Boone County, IA. The asterisks describe 
comparisons among germplasm each year: * Significant at the 0.05 probability level, ** 
Significant at the 0.01 probability level, ***Significant at the 0.001 probability level. 
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CHAPTER 5  
GROWTH AND LIGHT INTERCEPTION OF TEMPERATE AND 
TROPICAL CORN GERMPLASM IN CENTRAL IOWA 
A manuscript to be submitted to Crop Science 
Infante, P.A., K.J. Moore, C. Hurburgh, P. Scott, S. Archontoulis, A.W. Lenssen, and S. 
Fei 
Abstract 
Recent research has shown a high theoretical potential for ethanol production based on corn 
(Zea mays L.) stover sources. Corn germplasm has been broadly studied for grain production, but 
scant research has been widely conducted across diverse germplasm in regard to biomass 
production. However, tropical corn germplasm has been studied as a potential source for biomass 
accumulation over grain. A field study was conducted for comparing temperate and tropical corn 
germplasm for plant height, in-season biomass, nitrogen concentration, and light interception 
during 2014 and 2015 at the Sorensen Research Farm near Boone, Iowa, U.S. The six corn 
germplasm (four hybrids of 104, 110, 114, and 120 relative maturity (RM), and two tropical corn 
of 130 RM) were planted on May 20, 2014 and May 13, 2015 to evaluate dry matter 
accumulation, plant height, and leaf area index (LAI), and nitrogen concentration. Tropical corn 
exhibited greater in-season biomass, greater LAI, later flowering times, and taller plants than 
temperate corn. Tropical corn resulted in 15% greater biomass yield than temperate hybrids. 
Temperate corn had better grain yield, followed by adapted tropical corn, while non-adapted 
tropical corn performed better for vegetative growth. Tropical corn suffered 10% more lodging 
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than temperate corn. Narrow rows of 38 cm favored greater in-season biomass and 10% greater 
plant height. Overall, tropical corn appears to be well-suited as a lignocellulosic source for 
ethanol production. 
ABBREVIATIONS 
DM, Dry Matter; LAI, Leaf Area Index; RM, Relative Maturity.  
Introduction 
When grown in temperate regions, tropical corn differs from adapted temperate corn by 
having greater plant height at maturity, greater total leaf number, and comparatively higher grain 
moisture concentration. Moreover, tropical corn germplasm enters reproduction later than 
adapted temperate hybrids, resulting in delayed flowering. Several studies reported that corn 
genotypes adapted to 12 to 14 h day lengths flowered later under longer days of about 14 to 16 h, 
representative of temperate regions (King et al., 1972; Oyervides-Garcia et al., 1985; Coles et al., 
2010). When grown in central Iowa, tropical corn had 15 to 21 days delayed grain development 
compared to adapted corn (Hallauer, 1999). 
Results from Pulam (2011) documented that corn with delayed shoot maturation produces 
relatively greater total biomass yields under nitrogen deficiencies, which is not the case for grain 
yields. Tropical × temperate corn requires half nitrogen fertilizer of U.S. commercial hybrids but 
still results in higher biomass and sugar (White, et al., 2011; Chen et al., 2013). Similarly, it was 
suggested that row spacing and plant densities (called plant arrangement in this research) for 
grain yield vary with respect to biomass production, as the optimum nitrogen fertilization for 
grain yields differs from nitrogen fertilization for biomass yield. Cox and Cherney (2001) 
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reported that greater plant densities of temperate silage corn increased dry matter yields at 
harvest because of maximization of LAI at silking. The present study investigates whether 
similar responses may occur in tropical biomass corn. 
Other research finds that density and light are related. Allocation of photosynthates has the 
same importance as photosynthesis in the growth, development, and productivity of crops. 
Photomorphogenic light given by far-red light (FR) reflected from other plants and FR in ratio 
with red light (R) impact phytochromes in growing plants, mostly “regulating partitioning and 
morphological adaptation” (Kasperbauer and Karlen, 1994). 
Green tissues of plants and seedlings mostly absorb R light and reflect much of the FR light 
when seeds are planted closer together in a canopy architecture; they receive relatively more 
reflected FR light and a higher FR/R ratio. This higher ratio has been associated with the 
development of longer and narrower leaves, longer stems, larger shoot size, smaller roots, and an 
increased shoot/root biomass ratio for corn seedlings (Kasperbauer and Karlen, 1994).  
Relatively lower densities in corn are encouraged for grain production, not only because of 
ear placement, but also for lodging management (King et al., 1972; Cuomo et al., 1998).  
Relatively higher densities and closer row spacing reduce ear placement, and at the same time, 
might increase dry matter and biomass yields, which are potentially desirable conditions for the 
biomass production of corn (Cox and Cherney, 2001).  According to Cuomo et al. (1998), as 
plant density increases, the sink relationship for grain:stem would change nearly linearly 
favoring stem concentration. This was interpreted by the authors to mean that greater plant 
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densities are desirable for forage production. Similarly, higher densities were hypothesized to 
result in higher biomass production. 
So in general, relatively higher plant densities in corn have been associated with greater 
forage mass harvested and potentially, with greater biomass production (Cuomo et al., 1998; Cox 
and Cherney, 2001). Lower densities in corn would be considered more desirable for grain 
production. Nevertheless, these effects have not been widely compared for different relative 
maturity hybrids and tropical corn for biomass production. 
The objective of this study was to investigate the in-season biomass, plant height, light 
interception, and nitrogen concentration of temperate and tropical corn. It was hypothesized that 
differences in germplasm in terms of plant height and light interception occur early in the 
growing season, leading to greater biomass at harvest. 
Materials and Methods 
Site Description and Genotype Materials 
To evaluate the growth and light interception of tropical and temperate corn in different 
plant arrangements, a field study was conducted near Boone, Iowa, U.S. during the 2014 and 
2015 growing seasons (42o 02’ N and 93o 46’ W). Weather data were compiled from the Iowa 
Environmental Mesonet (ISU AgClimate network) from the BOOI4 station (Table 5.1), located 
on the same farm. Nitrogen fertilizer was applied uniformly to each plot at a rate of 180 kg N ha-
1 a week before planting. Tropical and temperate corn types were grown, resulting in four 
combined treatments, called plant arrangements, with a plant density of 100,000 and 120,000 
plants per hectare and a row spacing of 38 cm and 76 cm. On May 20, 2014 and May 13, 2015, 
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six genotypes (four temperate corn of 104 relative maturity [RM], 110 RM, 114 RM and 120 RM 
and two tropical corn of 130 RM) provided by DuPont Pioneer were planted. Genotypes were 
provided by Pioneer. The tropical seed lots were treated with thiamethoxam 5FS at 0.8 
mg/kernel, Maxim Quattro at 16 mL/80,000 seeds, and colorant at 10 mL/1,000 g of seed. 
Plant Measurements 
On three separate dates (34, 58 and 81 DAP in 2014 and 44, 69 and 91 DAP in 2015) 
destructive sampling harvests were collected, depending on initial growth. The first in-season 
harvest occurred at early vegetative growth, approximately four weeks after emergence. The 
following in-season harvests were collected at approximately three-week intervals during both 
years. 
The leaf area index (LAI) was estimated the day before each in-season sampling harvest by 
using the LI-2000 plant canopy analyzer system (LI-COR Biosciences. Lincoln, Nebraska). 
Along with LAI, the height of three plants was measured before each sampling harvest. The LAI 
measurements were recorded between 10:00 a.m. and 2:00 p.m. under clear, sunny conditions at 
an approximate distance of two meters inside the edge of the plot. The LI-2000 was first used to 
make one above-canopy measurement. Second, it was used to make four rotated measurements 
(90o angle), below the canopy, close to the ground surface.  
Harvest and Sample Process 
Each in-season sampling harvest was performed by harvesting two linear meters from the 
two center rows of each plot at an approximate distance of two meters, either from the edge of 
the plot or from the edge of the last harvested area. The biomass of the sample was recorded and 
then dissected by organ (leaves, stems, and ears, where ears existed). Every organ was separated 
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in the field; its weight was recorded and it was stored at 60oC for 72 h, or until a constant dry 
weight was achieved. It was then reweighed as dry mass and transported to the laboratory for 
further processing.  Preparation of lab samples required the shredding of stems in samples 
collected from late sampling harvests. In the lab, each sample was first ground at the one 
millimeter setting in a Willey mill, and finally at a one millimeter setting in a Udy mill.  
Near Infrared Spectroscopy and Total Nitrogen 
The full set of ground collected samples was scanned using Near Infrared Spectroscopy 
(NIRS) in a Foss 6500 scanner. The WinISI II Project Manager v1.50 software provided 50 sub-
samples for chemometrics based on a principal component analysis (PCA), to calibrate a 173-
coefficient-multivariate NIR model with a wavelength range of 1,108 to 2,492.8nm. Scatter 
correction was used, with a math treatment of 1,4,4,1, Standard Normal Variate (SNV) and 
detrend.  Thermal combustion in a Vario Microcube® (Elementar Americas, Mt. Laurel, NJ) was 
performed for Nitrogen (N) determination. After setting an initial five acetanilide blanks, one 
blank standard and one lab standard intercalated periodically after five and ten analyzed samples 
respectively. Samples were placed between groups of five. Total N values were adjusted for dry 
matter. Lastly, the calibration of the model in WinISI II P M v1.50 allowed the estimation of 
total N for the full set of samples (Fig. 5.1). 
Experimental Design and Data Analysis 
The experiment used a split-split plot design with four blocks during 2014 and 2015. The 
first split had two levels of row spacing (38cm and 76cm), and the second split had two levels of 
plant density (100,000 and 120,000 plants ha-1). Six hybrids were planted using four temperate 
corn of 104 RM, 110 RM, 114 RM, and 120 RM and two tropical corn of 130 RM. Repeated 
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measures analysis was used for sampling harvests (H), by taking three destructive samples over 
the course of the growing season. Data were analyzed using the “proc GLIMMIX” procedure of 
SAS (SAS for Windows 9.4, SAS Inst., Cary, NC). Mean comparisons from the model were 
analyzed using multiple t-tests to examine differences in plant density, row spacing, and 
germplasm. Plant height, LAI, in-season biomass, and nitrogen concentration were analyzed 
using an alpha value of 0.05 (Table 5.2). 
Results and Discussion  
To evaluate the possibilities for increasing biomass yield, the potential of temperate and 
tropical corn grown under Iowa conditions was investigated by studying the effect of plant 
density and row spacing on in-season growth, plant height, and light interception. The row 
spacing effects on in-season growth, LAI, and plant height are discussed to provide 
quantification of the plant size, in terms of plant stature and canopy size, for temperate and 
tropical corn as a potential feedstock for bioprocessing. Finally, the nitrogen concentration is 
used to compare temperate and tropical corn in terms of the photosynthesizing canopy and stems.  
Row Spacing  
Row spacing had an impact on corn growth by influencing height, LAI, and in-season 
biomass for both years (Table 5.2; Fig. 5.2a-b; 5.3a-b; 5.4a-b). In most cases, narrower row 
spacing promoted taller plants and greater biomass. These results occurred particularly after the 
second harvest for both years. Corn with narrow rows was approximately 10% taller than corn 
using the conventional 76 cm rows. Differences among germplasm were progressively observed 
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through the mid growing season (Fig. 5.2a-b). Tropical corn had taller plants and greater biomass 
than temperate corn when observed after canopy closure.   
Plant height increased with each subsequent sampling harvest. For the last in-season 
harvest, the corn in 38 cm rows exhibited taller plants that ranged from 280 cm to 300 cm in 
2014 and from 305 cm to 330 cm in 2015 for tropical corn, while temperate corn plants ranged 
from 230 cm to 245 cm in 2014 and from 265 cm to 280 cm in 2015 (Fig. 5.2a-b). The 76 cm 
rows produced shorter corn for all the germplasm that ranged from 250 cm to 265 cm in 2014 
and from 275 cm to 305 cm in 2015 for tropical corn, while temperate corn plants ranged from 
215 cm to 245 cm in 2014 and from 250 cm to 265 cm in 2015. The comparison between years 
merits additional explanation related to planting date and thermal time. The first year, the field 
trials were planted in late May, and temperatures were below 4.4 oC about two weeks prior to 
sowing; however, the second year, corn was planted earlier and had a relatively greater 
accumulation of growing degree days (GGD), as evidenced by taller plants. 
In-season biomass followed plant height for both years. The narrower the rows, the greater 
the in-season biomass at the harvest dates, especially at the last in-season harvest. Results in the 
middle of the growing season illustrated a lower cumulative growth for temperate than tropical 
corn (Fig. 5.4a-b). Stem DM followed the growth of the corn over the growing season; tropical 
corn had a greater stem DM than temperate corn. Prior research has reported row effects on 
biomass when using 38 cm and 76 cm rows in corn used for silage with increments of 7.5% 
greater DMY for 38 cm as compared to the conventional 76 cm (Cox and Cherney, 2001). The 
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in-season biomass in this study was germplasm dependent, and there was an increase of 
accumulated in-season biomass for plants grown in narrower rows for the last in-season harvest.  
It was hypothesized that corn with late RM, such as tropical corn, has advantages 
associated with the duration of photosynthesis due to the delayed maturity discussed in the prior 
chapter, with a green canopy lasting longer in the season as compared to early RM; moreover, in 
the present study tropical corn had a larger in-season biomass and plant height, which started to 
be significant mid-season, most likely enhancing the biomass at the end of the growing season.   
Similarly, LAI was affected by row spacing, but there were significant differences for all 
harvest dates (Fig. 5.3a-b). In contrast to plant height, LAI was greater for corn grown in wider 
rows in 2014. Likewise, tropical corn had greater LAI than temperate corn, especially after the 
second in-season harvest date for both years; while for the last in-season harvest with 76 cm 
rows, tropical corn ranged from 4.43 to 5.22, temperate corn ranged from 4.0 to 4.5 in 2014. 
While for the last in-season harvest at 38 cm rows, tropical corn ranged from 3.6 to 4.1, 
temperate corn ranged from 3.3 to 3.6. The LAI’s trend at mid growing season for both years 
suggested an advanced tropical corn leaf development which ended up with greater non-grain 
and total biomass yield as described in the previous chapter (Fig. 5.3a-b). As with the plant 
height analysis, LAI’s results merit additional explanation related to the relative time of the in-
season harvest dates. While the corn LAI in 2014 harvest dates was measured in a growing 
season with relatively late planting and a continuous rising trend in canopy size, the corn in 2015 
was planted earlier, and the temperate corn LAI measured at mid-season harvest dates increased 
gradually almost as if to plateau, at both row spacings. Notice that the tropical corn kept a 
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steeper slope for the last in-season harvest when grown at both row spacings both years. In 
addition, the corn LAI for the last harvest date for both years ranged from 3.5 to 4.3 in narrower 
rows. However, corn grown with wider rows in 2014 reached greater LAI ranging from 4.2 to 
5.0, while in 2015, ranged from 3.4 to 4.3 (Fig. 5.3a-b). Therefore, the light interception in corn 
grown in 76 cm rows in 2015 contrasted to the greater LAI difference that occurred in 2014. This 
difference in the estimation of photosynthesizing canopy size did not seem to impact the in-
season biomass growth measured at the middle of the growing season, as much as plant height 
impacted in-season biomass growth.  
Although Cox and Cherney (2001) reported that high plant densities in silage corn had 
increased DMY due to a greater LAI at silking, the present study did not find any significant 
difference in corn LAI or in-season biomass between the planting densities used. In addition, 
there were no differences in plant height between the different plant densities in this study. 
However, it was also hypothesized that setting plants closer together arranged in narrow rows 
might reduce ear placement thereby increasing biomass yield. According to the present results, 
row spacing did have an early effect on growth and plant size of mid-season temperate and 
tropical corn (Fig. 5.2a-b; Fig. 5.3a-b; Fig. 5.4a-b).  
In-season Plant Nitrogen Concentration 
The principal component analysis (PCA), conducted using WinISI II Project Manager 
v1.50 for the scanned in-season leaves and stems samples, represented appropriately the nitrogen 
concentration for both set of samples in the 173-coefficient-multivariate NIR model (Fig. 5.1). 
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The methodology proved to be an inexpensive way to accurately estimate nitrogen 
determination. 
Nitrogen concentration in tissues used as bioenergy feedstock has negative implications 
related to the conversion efficiency to ethanol (Ablevor et al., 1992; Vogel and Jung 2001; Sun 
and Cheng 2002).  The nitrogen concentration of all tropical and temperate corn decreased with 
later sampling dates; the earliest sampling harvest had greater nitrogen concentrations than the 
later sampling harvests. There was a decrease in the nitrogen concentration in both leaves and 
stems (Fig. 5.5a-b), especially in leaves having the lowest nitrogen concentration at harvest time. 
Leaf nitrogen concentration decreased linearly through the end of the growing season, with the 
steepest decrease in temperate corn due to nitrogen relocation. In the end, the corn stems seemed 
to reach a plateau in nitrogen concentration between the last in-season harvest and final harvest. 
Similarly, Plénet and Lemaire (2000) found that the nitrogen concentration starts decaying from 
V10 through advanced maturity during a growing season in a shape curve similar to the results 
presented in this study. The maximum nitrogen concentration reported by the literature occurs 
early in the growing season and is dependent upon the nitrogen applied. Concentrations of up to 
40 g kg-1 DM are reported for corn at nitrogen rates of 200 kg ha-1 applied (Plénet and Lemaire, 
2000). The nitrogen applied for the present in-season study was 180 kg ha-1 of urea two weeks 
prior planting, and the values for nitrogen concentration ranged from 30 to 35 g kg-1 DM in corn 
leaves and 15 to 22 g kg-1 DM in corn stems for the first in-season harvest date. According to 
Abendroth et al. (2011), the maximum accumulation of leaf nitrogen occurs at R1 or R2, 
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followed by an exponential decrease in nitrogen with advanced maturity, away from the 
senescent leaves towards grain development because of the remobilization of nitrogen.  
Tropical corn had greater nitrogen concentration compared to temperate corn during all the 
growing season in stems, and after 100 DAP in leaves. Previous research about phenology of 
tropical corn demonstrated that adapted corn had relatively earlier vegetative development than 
non-adapted tropical corn. Early in the growing season, corn leaves with an advanced stage of 
development (more mature leaves) might have relatively higher nitrogen concentration, as 
suggested by Plénet and Lemaire (2000). Although differences associated with different 
germplasm are not discarded, the early leaf nitrogen results of temperate corn could also 
illustrate a case in which the nitrogen concentration is associated with more mature leaves, which 
had greater nitrogen concentration than tropical corn. 
Conclusions 
Row spacing affected mid-season plant height, LAI, and biomass of temperate and tropical 
corn; differences appeared progressively through the last harvest date both years. Along with the 
in-season harvest dates, tropical corn had 10% taller plants and had greater LAI than temperate 
corn for both row spacings. Although narrow rows of 38 cm favored greater in-season plant 
height and biomass, conventional rows of 76 cm led to greater LAI by having more space 
available to expand leaves starting early in the season.  
In the middle of the growing season, tropical corn started showing greater growth over 
temperate corn in terms of LAI, plant height, and biomass. Tropical corn not only had 
advantages associated with the duration of photosynthesis through delayed maturity in which 
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canopy remained green longer in the season than with temperate corn, but also because of a 
larger plant size, plant height and LAI, that became significant at the middle of the growing 
season.   
The nitrogen concentration of all corn decreased with sampling harvest until the end of the 
growing season; the earlier the sampling harvest, the greater the nitrogen concentration. Nitrogen 
concentration remained higher in corn leaves than stems for both years. Nitrogen concentrations 
remained greater in corn of late RM, such as tropical corn, than temperate corn. 
Overall, tropical corn had a greater vegetative growth at mid-season harvests, with greater 
plant size, plant height and LAI, and more biomass than temperate corn. Differences in biomass 
accumulation among germplasm began mid-season and might be responsible for the greater 
biomass yield that tropical corn had over temperate corn. The growing patterns of these corn 
types might potentially be of interest to be used in the conversion to ethanol coming from 
lignocellulosic feedstock. 
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Table 5.1. Average monthly temperature, accumulated monthly growing degree days (GDD), 
precipitation, and solar radiation for 2014, 2015, and the 30-year average in Ames, IA. 
 Temperature (
oC) GDD10 Precipitation (mm) 
Month 2014 2015 30 Year Average 2014 2015 
30 Year 
Average 2014 2015 
30 Year 
Average 
Jan -8 -4 -6 0 0 0 10 18 53 
Feb -9 -9 -3 0 0 0 74 51 69 
Mar 0 4 2 5 10 15 79 15 165 
Apr 8 11 9 52 69 65 325 218 282 
May -10 15 16 182 192 196 257 277 345 
Jun 21 21 21 347 346 340 592 429 363 
Jul 18 22 23 344 392 410 145 381 325 
Aug 22 20 22 389 340 377 462 518 325 
Sep 17 20 17 217 318 239 259 328 208 
Oct 11 11 10 70 88 78 218 81 196 
Nov 0 5 2 1 26 9 64 157 155 
Dec -1 0 -4  1 0 1   74 318 81 
 
 
 
 
 
 
 
 
 
 
 
 
 
133 
 
 
 
 
 
 
Table 5.2. Analysis of variance for plant height (H), leaf area index (LAI), and in-season 
biomass, and significance in response to row spacing (RS), plant density (PD), and germplasm 
(G) during the 2014 and 2015 growing seasons in Boone, IA. Because of the significant multiple 
interactions by year, all comparisons were made within each year. 
Height 2014 in-season measurements 2015 in-season measurements 
Source of 
Variation 1 2 3 4 1 2 3 4 
Block 0.43 2.61 13.73** 1.98 1.05 1.22 3.86 2.93 
Row Spacing (RS) 1.11 0.06 2.79 12.71** 0.58 2.51 7.44* 5.43* 
Plant Density (PD) 0.14 0.15 1.76 1.11 0.47 0.64 0.16 0.09 
RS*PD 0.04 0 0.37 0.42 0.58 0.3 0.47 1 
Germplasm (G) 4.63** 12.36*** 7.25*** 48.93*** 15.05*** 16.78*** 53.36*** 38.24*** 
RS*G 1.76 0.33 1.91 3.57** 0.73 0.99 0.56 0.29 
PD*G 0.83 0.56 2.08 0.55 1.03 0.86 0.1 0.77 
RS*PD*G 0.68 1.2 2.51 1.33 0.78 0.52 0.05 0.31 
LAI  df 2014 in-season  2015 in-season  
Source of 
Variation   
1 2 3 1 2 3 
Block  3 0.61 8.07*** 18.6*** 1.24 9.42*** 6.59* 
Row Spacing (RS) 
 1 
118.78*** 117.72*** 58.92*** 7.29* 11.96*** 20.39** 
Plant Density (PD)  1 1.14 1.7 0.44 0.2 2.09 0.33 
RS*PD  1 1.99 0 0.55 0.14 0 0.53 
Germplasm (G)  5 2.83* 1.61 3.8** 1.48 4.69** 10.19*** 
RS*G  5 1.57 0.38 1.6 1 0.49 0.62 
PD*G  5 1.88 0.98 0.15 0.74 0.35 1.37 
RS*PD*G 		 5 1.65 0.91 0.65 0.23 0.36 0.83 
Biomass  df 2014 in-season  2015 in-season  
Source of 
Variation   
1 2 3 1 2 3 
Block  3 0.31 1.02 2.12 0.14 0.2 3.99* 
Row Spacing (RS)  1 31.85*** 88.91*** 79.97*** 30.82*** 7.07* 8.09** 
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Table 5.2. continued.        
        
Plant Density (PD)  1 0.15 1.47 0.11 0.06 1.32 0.84 
RS*PD  1 1.35 0.09 0.87 0 0.07 4.3* 
Germplasm (G)  5 1.14 4.04** 0.2 0.06 0.32 20.09*** 
RS*G  5 1.2 1.19 1.66 0.75 0.4 1.16 
PD*G  5 2.47* 0.63 0.64 0.3 1.06 0.11 
RS*PD*G 		 5 2.08 1.25 0.98 0.52 0.33 0.5 
 
* Significant at the 0.05 probability level / ** Significant at the 0.01 probability level/ 
***Significant at the 0.001 probability level. 
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Fig 5.1. Principal component analysis (PCA) representation for scanned in-season leaves (upper 
cluster) and stems (lower cluster) samples conducted using WinISI II Project Manager v1.50. 
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a         b 
 
2014      2015 
 
Fig. 5.2. Plant height at the maximum leaf collar for temperate (open blue bullets) and tropical 
(filled red bullets)  corn for 38 and 76 rows. The asterisks describe comparisons among 
germplasm each year: * Significant at the 0.05 probability level, ** Significant at the 0.01 
probability level, ***Significant at the 0.001 probability level. 
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a         b 
 
2014      2015 
 
Fig. 5.3. Leaf area index (LAI) for temperate (open blue bullets) and tropical (filled red bullets) 
corn for 38 and 76 rows. The asterisks describe comparisons among germplasm each year: * 
Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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a         b 
  
2014      2015 
Fig. 5.4. In-season biomass for temperate (open blue bullets) and tropical (filled red bullets) corn 
for 38 and 76 rows. The asterisks describe comparisons among germplasm each year: * 
Significant at the 0.05 probability level, ** Significant at the 0.01 probability level, 
***Significant at the 0.001 probability level. 
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a         b 
 
c         d 
 
 
2014      2015 
 
Fig. 5.5. In-season nitrogen concentration for temperate (open bullets) and tropical (filled 
bullets) corn. The asterisks describe comparisons among germplasm each year: * Significant at 
the 0.05 probability level, ** Significant at the 0.01 probability level, ***Significant at the 0.001 
probability level. 
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CHAPTER 6 
GENERAL CONCLUSIONS 
Currently, in the U.S., there is an increased demand for advanced biofuel sources based on 
the depletion of fossil fuels. Therefore, the use of biorenewable resources is gaining interest. 
Crops with C4 metabolism, such as corn, excel in growth and productivity. Under suitable 
growing environments, the advantage of crops with this type of metabolism are that their 
potential can be used for a diversity of human purposes and products. 
Corn is used worldwide as a grain crop, both for human food and animal feed, as well as 
for grain ethanol production in the U.S. Alternatively, the “residues” of corn plants, such as 
stems, leaves, and other non-grain tissues, are often incorporated into the soil under sustainable 
practices to minimize the long-term decrease of soil organic matter (SOM). However, there are 
other uses for corn, based on its vegetative growth, that need further study, such as silage and 
biomass, that use these non-grain tissues as commercial substrates. Furthermore, this novel 
alternative has recently been explored, and market is demanding about one billion tons per year 
of biomass sources by 2022.  
The promising potential of corn, such as tropical corn, as a feedstock for biomass 
production not only offers alternatives to increase the ethanol productivity from lignocellulosic 
feedstock, and broaden the genetic base of germplasm grown in Midwest, but also offers an 
opportunity to solve environmental challenges if this biomass could partially be left in the field, 
buffering the effects of the current production systems.  
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The present study investigated the growth and development of introduced tropical 
populations and their adapted counterparts under central Iowa conditions, and also compared 
other temperate and tropical corn in terms of the effects of planting practices on in-season and 
end-of-season growth, yield, and composition for biomass production. There was a need to 
explore how tropical corn grows in Iowa and the optimum planting practices for biomass 
production. 
A two-year study of adapted and non-adapted tropical populations under Iowa conditions 
demonstrated that non-adapted tropical populations develop more leaves and have high biomass 
yield, which suggests a potential suitability as a feedstock for Gen2 biofuels. Tuson, which was 
the taller population, exhibited higher non-grain and total biomass compared to the other 
populations. Another outcome was that planting tropical populations early might have an impact 
on vegetative development, suggesting that the selection of planting dates should be limited to 
times when temperatures belowground keep consistently above 12.5 oC. 
The differences in phenology among populations explained why adaptation contributed to 
improve grain yields, because it reduced the reproductive development delay in the adapted 
populations, resulting in relatively more grain as compared to their non-adapted counterparts. 
However, non-adapted populations excelled in biomass production. 
A second study compared temperate and tropical corn to investigate better planting 
practices, such as row spacing and plant density, to grow corn for biomass production. Corn 
grown in narrow rows with greater plant density resulted in taller plants and greater biomass 
yield. Total nitrogen decreased progressively through the growing season; while nitrogen among 
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germplasm had significant effects on the growth of corn leaves during the growing season, 
nitrogen had an effect on the lignin composition of stems at harvest. Often times the germplasm 
× planting practices interactions were significant for yield and composition.  
While composition was not affected by plant density or row spacing of temperate and 
tropical corn, the nitrogen level had significant effects on fiber composition and on total ash and 
total nitrogen. The most important result coming from this study is that different nitrogen levels 
can be used, depending on the ethanol conversion process used, based on the most favorable 
nitrogen levels for relative lignin concentrations. The lower the nitrogen level, the lower the 
lignin concentration, which is favorable to the biochemical conversion process. In contrast, 
higher nitrogen levels might be more suitable in the thermochemical conversion process. 
Similarly, in-season growth, plant height, LAI, and biomass yield, were influenced by row 
spacing. Plant density in this study did not impact significantly in-season biomass. This research 
confirmed prior literature results where narrow rows produced higher biomass yield than grain 
yield. Nitrogen concentrations in leaf and stem tissues remained greater in corn of late RM 
during the in-season harvest, which was confirmed later at final harvest. 
Tropical corn demonstrated outstanding vegetative growth in Iowa and has potential as 
feedstock for Gen2 fuels. Since tropical corn could also be grown in an extensive area and 
farmers are already familiar with corn practices, there is growing interest in new sources like this 
for bioprocessing, which makes these results particularly relevant with the current demands for 
biofuel. 
 
